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Abstract 
Rate constants have been measured for the gas-phase 
reactions of CC1(X?7II) with some inorganic compounds, 
Saturated compounds, and representative series of alkynes, 
Silanes, cyclic and heterocyclic compounds. 

CCl was generated from the isothermal flash photolysis 
of dibromochloromethane in the presence of helium. The decay 
of CCl was monitored by kinetic absorption spectroscopy, by 
following the (Q, 0,0) band of the A?A+ X?II system at 
Piseranmemerhe Mrateveconstant eck, ,+for*the reaction+o£f-Cccl 
with a substrate was derived from the increase in the 
observed decay rate of CCl, in the presence of a reactive 
Substrate, relative to the background decay rate. 

CCl is less reactive than CH, and consequently displays 
more selective behaviour towards the substrates. It is non- 
reactive towards H,, primary and secondary C-H bonds, but 
inserts slowly into tertiary C-H bonds, and perhaps also 
reacts with C-Cl and N-H bonds. 

It is concluded that the principal feature of the 
reactions with alkynes is cycloadditions to the acetylenic 
bonds since primary and secondary C-H bonds are _ relatively 
inert. The observation that k, increases with increasing 
arkylationtofathérsubstratestfrom™ 10% FOS =E1O%"% EMeuueset, 
and the linear correlation between log k, and ionization 
potential of the substrates, reveal the electrophilic nature 
of CCl. The few deviations from linearity observed with 


highly substituted alkynes can be ascribed to steric 


iv 


hindrance. No isotope effect was detected upon deuteration 
of acetylene. 

Reactions with silanes are, in general, quite rapid (k, 
Su l0¢heM Vases eeand appear to besmainly restricted.to SirH 
bond mnsertaon, SincesSi=-C,)SiA-F,.~Si-C€l bonds were foundi;,to 
be non-reactive and reaction with Si-Si bonds is relatively 
Slow. The electrophilic nature of CCl was again revealed in 
the increase/decrease of k, with the electron-donating/with- 
drawing substituent groups at Si, and in the linear 
relationship observed between WO Cm ki and ionization 
potential of the substrates. The reactivity of the silanes 
also correlates with other bond parameters such as 
Stretching frequency and hydridic character of the Si-H 
bond. 

A primary isotope effect was observed upon deuteration 


~ 


of the silanes, up to a factor of 2 depending on the reac- 
Bev VeOrmtne =51—-H bona. 

The presence of the heteroatoms O and S_ greatly 
enhances the reactivity of saturated cyclic substrates (k, 
10° M~' s°~') as compared to their inert hydrocarbon analogs. 
The nature of the interactions with the heteroatoms is still 
unclear, but probably involves ylide-type intermediates 
resulting in apparent C-heteroatom bond insertion products. 

In general, substituted benzenes are quite reactive (k, 
~ 10° M~' s°') aS are aromatic systems containing hetero- 


atoms 20k, “io. 10esMo iis. )eeinetheslJatterscase, however, ino 


correlation was observed between log k, and ionization 
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potential; this was ascribed to the fact that the overall 
rate constant comprises two reactions, cycloaddition across 
the C=C bond, and reaction at the heteroatom site. 

The reactivity of CCl is discussed in comparison with 
that of other electrophilic species such as CH(X?II), 
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I. INTRODUCTION 

K carbyne iS a monovalent carbon radical intermediate in 
which the carbon atom is connected to another group by a 
covalent bond. Carbynes are the least understood carbon 
radical species, for two reasons: 1) they are difficult to 
generate in a clean, kinetically defined manner, and 2) they 
are extremely reactive. CH, the simplest of the carbyne 
family, was first observed several decades ago in the 
Spectra of stars and comets and has been detected, by means 
of flash photolysis - kinetic spectroscopy, aS a transient 
intermediate in a number of systems. Until recently, more 
kinetic data were available on CH reactions than on any 
other carbyne. 

In general, the photochemical decomposition of suitable 
precursor molecules generates carbynes in very low yields, 
making product analysis difficult, and the simultaneous 
pooduetronseofercther highly reactive species renders 
mechanistic considerations speculative, at best (with the 
exception of CCO,Et, the chemical reactivity of which has 
been well delineated, vide infra). For these reasons the 
vaSt majority of experimental data reported in the 
literature consists of rate constant measurements obtained 
by the flash photolysis - kinetic spectroscopic technique. 

The following carbynes have been detected upon photo- 
lysis of suitable source compounds: CH, CBr, CCl, CF, and 
perhaps CCN, all of which have been observed 


Sspectroscopically, and CCO.,Et, whose presence was 
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rationalized both in terms of product analysis and the 
nature of the esr Signal generated upon photolysis of the 
source compound. 

Of the above carbynes, CF and CCN have not yet been 
studied kinetically due to the lack of Suitable precursors 
which would produce transient spectra strong enough for 
kinetic measurements using conventional photolysis 
apparatus. CI has totally eluded detection, probably due to 
geecombimatiron. Of factors which include the instability and 
high reactivity of the carbyne, or low yield for its genera- 


GION. 


A. CARBYNE CHEMISTRY 


1. Nature of Carbynes 

The bent sp’? hybrid has long been regarded as a logical 
Structure for a carbene, although a linear sp hybrid is also 
possible.'»? Therefore, the most reasonable structure for 
a carbyne is an sp hybrid. 

The orbital occupancy on the carbon atom of a carbyne 
comprises a doubly occupied o orbital, a half 
filled + orbital and an empty 7 orbital (Figure I.1la). This 
electron deficiency in the mw orbitals can be partially 
compensated in the halomethylidynes, CCN, and CCO,Et, by the 
back donation of electrons from the halide, CN, and CO 


Groups to the carbon atom. This phenomenon is possibly 
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FIGURE I.1a) Orbital Occupancy of CH b) Back Donation 


Effect of Carbyne Substituents 


stronger with the halomethylidynes and CCN, where both 
Pr orbitals of the carbyne carbon may overlap with those of 
the halide or with both the CN vw molecular orbitals, but 
weaker with CCO,Et, where only one pam orbital of the carbyne 
carbon can overlap with the CO mw molecular orbital (Figure 
een) 

Therefore, although the carbyne carbon becomes more 
positive as the substituent becomes more electronegative, in 
MiuemmeSCCUCNCe BCH Cl = CBr, CCl5. «CF, ‘there 1s also an 
increased transfer of charge back to the carbon atom via the 
PemeoubltalS = ein going from Cl to CF. In general, studies on 
carbene reactions have indicated that the electrophilic 
character of the carbene is governed by the population of 
the pn orbitals and, but to a much lesser extent, by the 
Poca’ charge, On the carbene carbon. If the carbynes behave 
Similarly, CF would be the least electrophilic carbyne, due 
to the larger degree of overlap between the pz orbitals of 
the carbon and the fluorine atom, while CH, where no back 
donation occurs, would be the most electrophilic 


Ccarbyne. 


2. Electron Configuration and Term Symbols 

In the ground state, the electron configuration of 
methylidyne CH, the simplest carbyne, is 10720*30717'. The 
other carbynes possess analogous CoMerduLations: 
LE Ri for the halomethylidynes, ...30*1r‘4o0’2nr' for 


cyanomethylidyne CCN, and Menem ho oT POs 


Sg0GeTe atgT bee 5 


carbethoxymethylidyne CCO,Et. All of them give rise to a 


Grounc sStatemm=termeA Il. FOur Spectroscopic states, ‘2°, 7A 


, ' 


f-eeancde Seemarase strom the first sexcited ‘configuration 
(1¢220730'1m?) of CH, the halomethylidynes (...wr‘xa'vr?), 
GONE. Jolla Caen.) and) .CCO,Rt (eee e © Movs n Te The 
Quartet state ‘> is the lowest lying excited state in all 
the carbynes. The electron arrangements associated with each 


of the above symbols are given in Figure I.2 for CCl. 


3. Transition Spectra 

In kinetic-spectroscopic studies, the attenuation of 
the carbyne's transition band with time can be used to 
monitor its concentration. The observed low energy transi- 
tions and their corresponding wavelengths for CH, CCl, CBr, 


CF and CCN are presented in Table 1.1. 


Methylidyne, CH 


CE has been studied most extensively. Three bands are 
most often seen in the near u.v. region at 430.0 nm, 390.0 
nm and 314.3 nm, in decreasing order of emission intensity. 
In absorption the situation is reversed, with the 314.3 nm 
band being the most readily observed.‘ 

Being one of the most abundant radicals in comets, 
stellar atmosphere, and interstellar space, CH has been 
observed in comet emissions and in the absorption spectra of 
Stars for more than half a century.® Its emission was also 


observed in Bunsen flames,* in carbon arcs burning in 
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FIGURE I.2 Electron Arrangements Corresponding 


Spectroscopic States Arising from the Ground and 


Excited Electron Configuration of CCl 
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TABLE I.1 


Observed Carbyne Transitions and Their Corresponding 
Wavelengths in the Near U.V.Region® 


Transition 


C?>* <> X? Il 
B?>> <> X? I 
A?7A <>X? Il 
a*>” «— X71 


Transition 


Be> <— X71) 
A*A <=> <?2Il 


Transition 


C*#>* <—X?7 Il 
aR See OA HI 
AzA °<—S2i 


CH 


Wavelength (nm) 


CEL 


314 
390 
4308 (v usin) 
C67 Gees) 


Wavelength (nm) 


CCN 


230 
278 


Wavelength (nm) 


470 
446 
35 


Transition 
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Transition 


B?A —>X?II 
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CBr 


CE 


Wavelength (nm) 


250 
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Wavelength (nm) 
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hydrogen,’ and in electrical discharges through organic 
vapours e.g. acetylene, methane, benzene.* The bands at 
430.0 nm, 390.0 nm and 314.3 nm have long been identified as 
the transitions I Nila ie 98a We Bite oe oll mmanG mC +) ee X11 
respectively.* However, the absorption spectrum had not 
been seen in the laboratory until 1952, when Norrish et al]. 
observed the three characteristic transitions following the 
Oxidation of acetylene initiated by the flash photolysis of 
a small quantity of nitrogen dioxide.‘ 

Kinetic absorption spectroscopy has been used to study 
the reactions of CH, generated by the photolysis of 
SeripqundS = SUCHMmaSeCH ON.)  -C,he '@ and CHe,* by monitoring 
eremre «eX eramsorpti1on. band, at 314.3" nm. With “the 
advancement of laser technology, recent kinetic measurements 
were made by monitoring the laser-induced fluorescence (LIF) 
Pit neenase s tle Dand ate 450.0 nm. 27 *"* 

The quartet state ‘2 has eluded conventional spectro- 
scopy, but was detected recently, in absorption, by laser 
photoelectron spectroscopy and was estimated to lie 17 kcal 
mole-' VOmr are. 1674 mm) above the ground state,'*® in 
agreement with an earlier estimate, by ab initio. calcula- 
EVONnS a OLm0.5o2 9-80 aoe cece 

Herzberg and Johns,'°® following the flash photolysis of 
CH,N,, observed a number of new transitions in the vacuum 
u.v. region. This included a Rydberg series, starting at 
137.0 nm, and some strong absorptions at 300.7, 169.0, 156.0 


and 154.0 nm, which were identified by rotational analysis 
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Bromomethylidyne, CBr 


The CBr spectrum consists of bands in the region 
306 - 300 nm and two diffuse bands at 252.6 nm and 249.6 nm. 

Unlike CCl, the emission of which has been observed 
both in flames and electrical discharge experiments. CBr 
does not appear to emit, under similar conditions. Emissions 
around 290 nm, observed in flames containing Br,,'’»'*® and 
bands in the region 350 - 265 nm, reported in the electrical 
discharge of carbon tetrabromide vapour,'*® were first 
believed to be due to CBr, but were later identified as 
bromine bands.?° 

CBr can be seen in the absorption following the flash 
photolysis of organic bromides.?'»?? The system near 300 nm 
was shown to be the A?A=+ X?II transition on the basis of the 
rotational analysis carried out by Dixon and “Kroto.?? 
Tyerman also observed two diffuse absorption bands at 252.6 
nm and 249.6 nm and provisionally assigned them as belonging 
COMCHER Bee ex llet rans it 1On. ws 

To date, kinetic absorption spectroscopy has been the 
only method used to study CBr reactions by monitoring the 
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Chloromethylidyne, CCl 


Thestranscitvonmspectrum sof CCluconsists of a strong, 
complex band system near 278 nm and a weaker system near 230 
nm. 

The emissions near 278 nm obtained in electrical dis- 
charges of chlorine-containing hydrocarbons e.g. carbon 
tetrachloride vapour, were first reported by Asundi and 
Karim?’ in 1937, and subsequently confirmed by a number of 
workers.’?*»?° This system also occurs in the flame of a 
cyanogen - chlorine MICCULe emcare On the basis of rota- 
tional analysis, these emissions were identified in 1961 as 
Bnew Apo Xk -Wbatransition. “4-27 The «same system could be 
observed in absorption following the flash photolysis of 
some chloromethanes and chloroethylenes.?!°77:%%:34 

A band emitting at 244 - 236 nm, first observed by 
Barrow’?® in the electrical discharge of carbon tetrachloride 
vapour, was later attributed to chloromethylidyne cation, 
CCl wis JOo ms tyerman. =stucdied. the flash. photolysis “of 
CF,CCl, + N, mixtures and discovered two new absorption 
bands at 231.1 nm and 230.4 nm, which were assigned to _ the 
Bee Se iaSY S.C eM. 

The, (Ow 0,0 e DandsofetnesA-Ape—oakellaorans Lu Olmo Came cee, 
nm has been used in kinetic absorption spectroscopy for 
moni toriig, che, CGl concentra clon sam 

Most recently, kinetic studies of the CCl reactions 
have been made by following the laser induced fluorescence 
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Asundi and Karim reported that the emission spectrum of 
CCl, also featured strong, wide bands having maxima at 460 
nm, 307 nm and 258 nm, and a medium band (maximum at 335 
nm), and ascribed these to CCl. However, further investiga- 


tion is required in order to substantiate this claim. 


Fluoromethylidyne, CF 


So far, two bands of CF have been observed: one near 
240 nm and the other near 203 nm. 

The emissions near 240 nm can be observed following the 
decomposition of CF, or other fluorocarbon vapours via 
Sltectricalspcaschnarge,.’ ** “or ‘shock-heating.*' They also 
occur in flames burning in CF,.‘? The same system in absorp- 
tion has been observed in electrical discharge experiments** 
and in the carbon-tube furnace decomposition of CF,.‘*‘% 

A rotational analysis done by Andrews and Barrow®’ 
identified the 240 nm band as the A?zX* - X?II transition. 
These authors,*’ and also Carroll and Grennan,‘*°® assigned 
the 203 nm system to the B?A - X?II transition, which, — so 
far, has only been observed in emission. Both systems have 
been observed in emission, in electrical discharges through 
fluorocarbon, vapours,» 34° "and in theslaserspnotolvsismor 
CE Br. = and Gr Cla. < Themlowestwelyinga > Ste temna 5 mmnOu 
been observed, but was estimated to lie about 2.66 eV (60 


kcal, 466 nm) above the ground state.*’ 
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Cyanomethylidyne, CCN 

The only report concerning the transition spectrum of 
CCN is that of Merer and Travis,** who flash photolyzed 
Giazoacetonitrile and ascribed a new transient absorption 
spectrum to CCN. A rotational analysis carried out by the 
authors indicated that the three bands observed at 470 nm, 
£26enmMeand sio nm belonged to the A7A — X?#II, B72 + X?7Il and 


C?>* + X?II transitions respectively. 


4. Generation of Carbynes 

As noted above, carbynes are usually generated in 
secondary processes: these are little understood and 
moreover are expected to be influenced by a number of 
factors such as the wavelength of irradiation and pressure. 
For example, it will be shown that CHBr, and CHCl; generate 
CBr and CCl respectively upon photolysis; however, the 
Spectral lines attributable to CBr are strong and well 
defined, whereas under the same conditions, those for CCl 
are so weak that a vacuum u.v. apparatus must be used. 

An additional complicating factor is the simultaneous 
generation of other reactive species which may interfere 
with the reaction under study, and/or absorb in the same 
Spectral region as the species being examined. 

For the above reasons, and bearing in mind that the 
transition line(s) being studied should not be masked by 
absorptions from the source compound, each of the carbynes 


studied to date has been generated under ad hoc conditions. 
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The methods and sources used are summarized in Table I.2 and 


will now be described in detail. 


Carbethoxymethylidyne, CCO,Et 

The A < 280 nm photolysis of diethylmercurybisdiazo- 
acetate in liquid alkanes and alkenes‘*’*®~*? leads to the 
formation of a variety of products which can be rationalized 


Via the intervention of carbethoxymethylidyne, CCO,Et: 


EtCO.,CN, 
| 
Home Pano (mein) ge Pete 2N et ZCCOL EE 
| 

EtCO.,CN,2 


Moreover, the -196° photolysis of the source compound in a 
glass matrix generated a single symmetrical esr signal with 
Nomen yperiine esplitting at 9g =) 28001, ‘Sindicating the 
presence of a doublet ground state speciesS containing no 


protons adjacent to the radical site: |[]|C-CO.Et. 


Methylidyne, CH 

CH can be generated by the photolysis of a great 
variety of hydrocarbon precursors. Norrish et a/].* were the 
first to observe the CH absorption spectrum in_ the 
laboratory in 1952, following the oxidation of acetylene 
initiated by the flash photolysis of a small quantity of 
nitrogen dioxide. Subsequently, with improved techniques, 


several groups including Callomon and Ramsay,'' who flash 
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photolyzed diacetylene, and Herzberg and Johns,'°® who flash 
photolyzed diazomethane, obtained stronger absorption 
SpectragofecHse 

However, the first experiment designed to study the 
rate of CH reactions was done by Braun et a/].,'*? who flash 
photolyzed methane and concluded that CH can be formed 


either by the secondary photolysis of methylene radicals, 


CH + hp acct He aH CHS 


fahvens HorecH 


or via the unimolecular decomposition of vibrationally 
excited CH,, because at the photolysis wavelength used (A 2 
10555nm)" the initially produced CH, can contain™up*to 170 


kcal mole™* excess energy: 


CH, + hy (A = 105 nm) —m——~> H, + CH,fT 


lees H+ CH 


However, the results of a vacuum u.v. steady state photo- 
lysis of methane (A = 123.76 nm, 106.7 =" 104.8 nm, 
74.37 = 873°599'nm) “studied **by e*Auslcos Pyand coworkers 77 3 * 
indicated that vibrationally excited methyl radicals, which 
are also produced in the primary processes, could also be 


the precursors of CH: 


CH{ it hY OA = 91236 nm) —— HH “+ CCHF 
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They also showed that in the pulse radiolysis of methane, CH 
may arise from the fragmentation of neutral, excited methane 
molecules formed by electron-impact, instead of via an ionic 
mechanism. 

Lin flash photolyzed CHBr,/M/SF, systems (M = 0,,°5 
SO,,°* NO’) and proposed that CH is generated via the 
sequential absorption of three photons by bromoform and the 


subsequent primary and secondary fragments: 


CHBr; + hy (A = 165 nm) — Br + CHBr, 


Wi 
Bret erin 


we BreateCH 


The above mechanism differs from the one proposed by 
SeenON Smmance .anwOod m-- aetOnuess the’ “production of CBr from 
bromoform (vide infra). Actually, CH was not observed 
Spectroscopically, but its presence was inferred from the 
fact that C,H, 1S a reaction product, probably formed from 
the recombination of CH radicals. 

More recently, CH has been produced by pulsed lasers. 
Lin and coworkers'*>'* employed a high-power, pulsed ArF 
excimer laser (193 nm) to photolyze bromoform, under mildly 


focussed conditions that would allow 2-photon absorption:*° 


CHBr ,o*thyp (A 0=8093enm) & = s——epvirtualcstate wee 
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=>, 3Br& +H 


Simvlawiyes MeSSing | CL” a/.52 sproduced CH from the 
multiple photon dissociation (MDP) of methylamine CH,NH, 
induced by a TEA CO, laser. Methylamine was chosen since it 
has well developed P, Q, R branches of the C-N_ Stretching 
mode in the CO, laser region near 10 pm. CH is presumably 
formed from the secondary MDP of a primary fragment such as 
CH,NH, or CHNH,, because the formation of CH from CH,NH, in 


a Single step has a prohibitively high energy requirement: 


Bhi Nie et CH 


The same authors also investigated other compounds such as 
methanol CH;0H, ethanol C.H;OH, methyl cyanide CHSCN; 
ethylene C,H, and ketene CH,CO, and found these can also be 


used as sources of CH. 


Halomethylidynes 


Simons and Yarwood?'>?? investigated potential sources 
of halomethylidynes extensively by flash photolyzing a 
number of halogenated compounds, primarily halomethanes, and 


observed CBr, CCl and CF in abSorption. According to their 


esatib £ iyézenolst 


scheme, the halomethylidynes were produced via the unimole- 
cular decomposition of vibrationally excited halomethyl 


radicals: 


GU Xen ee GH Xa + GX 


(CHX,+t )e>e*———» CX + HX 


seta (CHX, Je<e* 


where X = Cl, Br, F, and E* is the minimum energy required 
for the unimolecular decomposition. 

By varying the energy of photolysis by changing the 
wavelength of the irradiation, they showed that a large 
portion of the excess energy available in the primary 
process ended up in the vibrationally excited halomethyl 
radicals. When this energy exceeded a minimim required 
value, E*, secondary unimolecular decomposition took place 
to produce the halomethylidynes. Helium was used as a 
diluent gas to maintain isothermal conditions. 

LreSnOuULOmbesnOcCeGethat contrary to Gin. S claim, +=: | 
neither Simons and Yarwood nor Strausz and coworkers could 
detect CH following the flash photolysis of CH,Br,, CH,C1Br, 
and CH,1,, with either conventional or vacuum u.v. appara- 
tus, under either adiabatic or isothermal conditions. Simons 
and Yarwood ascribed this to the relatively high energy 
requirement for CH generation, and thus, even if sufficient 


energy resides in the halomethyl radicals for this process, 


if Bil i3s 7 = - 
- “s L, 7 
a4 a £ ria» a Ais i be fi a ~ 


20 


the alternative decomposition to yield halomethylidyne, 
which requires less energy, would still be more favorable, 


for example: 


Radical Decomposition Minimum Energy for 


Decomposition E”~ (kcal mole-') 


Ge Dba Pa Gat 101 

Bromomethylidyne, CBr: 

The only kinetic studies on CBr reactions have been 
Carried out by Strausz and coworkers,?*:?* employing bromo- 
form as the source of CBr. The production scheme, as 
proposed by Simons and Yarwood,?'’??* is given as: 

CHBr, + hv (A > 200 nm) .—— CHBr.f + Br 

(CHR Gils) Pee OD a et BT, 


where E = minimum energy for decomposition = 57 kcal mole™'. 


Chloromethylidyne, CCl: 
Simons and Yarwood?'»?? were the first to observe the 
absorption spectrum of CCl, which until then had only been 


reported in emission, by flash photolyzing a series of 
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chloromethanes. They reported that the best sources of CCl 
aCemCHe thie mm CHel, BiseandecGl. brs. 
Husain** flash photolyzed trichloronitrosomethane and 


suggested the following mechanism for the production of CCl: 
GG NOse ny Ne = 9 0enm)i—> CCl 7) +e NO E < 42 kcal mole™' 
SC1-(—»> CC] + Cl; Eanes OveekCatluemolecs 


The CCl concentration was found to depend on the first order 
of the flash energy, which is indicative of a one-photon 
process such as the one given above. Since the lower limit 
of the photolysis flash at 190 nm corresponds to about 150 
kcal mole~' energy, Husain concluded that after the primary 
process, which requires < 42 kcal mole™' energy, the excess 
energy was concentrated in the trichloromethyl radical, so 
as to meet the energy requirement of approx. 107 kcal mole™' 
for the unimolecular decomposition to generate CCl. This is 
Supported by the observation that the nitric oxide produced 
waS not vibrationally excited, since only strong (0,0) tran- 
Sitions of the y-system of NO were seen, while the (0=- 1) 
transitions were extremely weak. 

Tyerman’* also generated CCl from the flash photolysis 
of 1, 1-dichloroethylenes:; CE, CCl es GEGLCGiay. Gili 
CHC1CCl1,, CH,CCl., in decreasing order in terms of amount of 
CCl produced. The CCl concentration was found to be 


dependent on the second order of the flash energy, from 
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which he concluded that the CCl production is a two-photon 


process: 


Xe VoceH. fF Cl 
ccl, + hy ——> CCl + Cl 


Also, the CCl intensity was not affected by the pressure of 
a foreign gas such as N,; this rules out the possibility of 
a vibrationally excited species as being the precursor of 
the CCl. Furthermore, Tyerman observed vibrationally hot CCl 
(v' = 1) in the absorption spectrum of CCl, but only in the 
flash photolysis of CF,CCl,. His explanation was that since 
CF,CCl, has no fundamental between 993 and 640 cm™', it 
fails to induce rapid vibrational relaxation of the hot CCl 
(v' = 1) (fundamental frequency = 864 cm™'), as the other 
1,1-dichloroethylenes would, because they all have fundamen- 
tal frequencies of the order of 864 + 50 cm™'. Recently, 
Wampler and coworkers** studied the ArF laser photolysis of 
CClpmonoecCh.- wandeciSscovered = that. s.ins soothe. caSes mccr 
radicals were produced on the average by more than two laser 
photons. On the basis of the various products formed, they 
Suggested that several different primary processes involving 
the absorption of one to three photons were actually 


involved: 
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At shorter wavelength, an additional process was believed 


be feasible: 


CG, ta) Cl. AH = 
CCie ce Cle AH = 
CG, nicl sorte Cl AH = 
COIS reas wiC) AH = 
CCLR te Cl; jek 
CEMA Clee FO] AH = 
CCig2 Cie tar AH = 
COV iG FO. AH = 
state photolysis of 
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on the wavelength: 


< 92013 S9ienm) 


A 


ae CC]. 
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71 kcal mole™' 
80 kcal mole™' 
172 kcal mole™' 
75 kcal mole™' 
90 kcal ee 
159 kcal mole™' 
ZOSeKCals mole: 
206 kcal mole™' 


CCl,, Rebbert 
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(A < 147 nm) —m——~ CCl + Cl, + Cl (or 3Cl) 


Although the authors could not obtain any products attri- 
butable to the presence of CCl, evidence for the generation 
of CCl at A < 147nm, was provided by Davies et al].,‘' who 
postulated that CC1Br;, one of the products obtained from 
the steady-state photolysis of CCl, - Br, mixtures at 147 


nm, arises from the reaction of CCl with Br,: 


The above results indicate that chloromethanes, such as 
SCMINO SECHGIEr, ACCHG] PBriniCChy Bunn and: 1 pl-dirchloroethylenes, 
Bic hwaseenecGiemtand CECECC Wmiace tall good preclirsors tof CCl, 
using flash photolysis - kinetic spectroscopic techniques. 
miemproauce1 One oOreCCiertrom=cClyn in sufficient quantities for 
kinetic studies has not yet been definitely proven, except 
under laser photolysis conditions, probably due to the high 


energy requirement for the process. 


Fluoromethylidyne, CF: 

CF has been observed spectroscopically following the 
flash photolysis-eohPIicHesr>) jands CFBro  oby Simons and 
Yarwood,?'’?? who used a vacuum u.v. apparatus because the 


absorption spectrum at 230 nm (A?Z*.+ X?II) overlaps that of 
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the parent compounds. The presence of CF in other systems 
has also been inferred from a number of other experiments, 
because its generation is energetically feasible under’ the 
conditions employed. For example, shock-heated CF, or C.F, 
in argon diluent was found to decompose to CF,, some of 


which may subsequently decompose to CF: °*? 


CF, + Ar ——~> CF + F + Ar 


Byecanalogy pewithetthemeproposed *«productron tof CCl from the 


steady-state photolysis of CCl, at short wavelength, °° 


CCl, + hv (A S-147 nm) ——~ CCl + Cl, + Cl (or 3Cl1) 


CF was believed to be generated in the primary process in 


the steady-state phiGtolvysis MEO CEGlAVicarniedamoute by 


Rebbert: °°? 


CRE] siachweQ site nm). e=—_——a1Ch itches ~ichkeé(or a3c)) 


The detection of CFBr;, when bromine was added to CFC1;, is 


evidence for the formation of CF, since it can be formed by 


the reaction of CF with Br.': 


CFBr, + Br, ———~> CFBr, + Br 
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Furthermore, in the flash photolyzed systems CFBr,/M/SF, 
(M = NO,** SO,°**), CF was thought to be responsible for the 
laser emission of CO, which Supposedly arises from _ the 


reaction: 
CF + O ——~> COT +F 


By analogy with the generation of CH from CHBr,,°***’ the 
meoposSedaemechanisma- OLseChreeproduction, ~from,aCPBro.risS a 


successive photodetachment of Br atoms from CFBr,: 


CFBr, + hv (A = 165 nm) —~>Br + CFBr, 


[hy 
Bre beGE Br 


We Beene 


Recently, CF emissions were observed by Wampler et 
foe ei ameche lasers photolysis ~of CF,Br; and CF,CCl, 
uSing an ArF excimer laser. The energy requirements and the 
products observed suggested at least a three photon absorp- 


tion by the parent compounds. 


Iodomethylidyne, CI: 

The only kinetic study involving CI reported in the 
literature is that of Refaey and Prati weit ose who 
investigated ion-molecular collision processes involving 
negative ions. The O- ion detected was proposed to _ have 


OrvginavedesiLOMmatnem: cacti oneal, + CO) O-8 + Cl. Perhaps the 
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only attempt reported in the literature to generate CI was 
chat OL simmons ana? Yarwood, = > *= who faash?™ photolyzed’* CHI4 
and CH.1I.,, but failed to detect any transient spectrum 


attributable to the carbyne. 


Cyanomethylidyne, CCN 


So far, no kinetic studies have been performed on CCN, 
which was believed to be generated in the flash photolysis 
of diazoacetonitrile, and three absorption bands observed in 
the near u.v. region have been ascribed to it.** However, 
the production scheme was not considered and no further work 


has been reported. 


5. Reactions of Carbynes 


Methylidyne, CH 


The reactions of CH have been studied since the early 
Sixties. CH has been alluded to many times and suggested as 
a possible transient in the reactions of carbon atoms with 
nyarocarbons 9 “P= Wolt) "san this study- ofthe 'réactvonseor 
recoil ‘''C with hydrocarbons, proposed that ''CH was’ formed 
by” ''Ce: insertion” “into™ aVG-H bond followed “by “the decom- 


position of the energized radical, 


''C + HR ——> [H-''CR]t ——> ''CH +R 


i - af Ie Ce 1613 oi@teatay 
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and that the '‘'CH thus’ produced was responsible for the 
subsequent production of ethylene-''C by insertion into a 


Deimaryecceh *bondmrohuthe hydrocarbon yefol lowed tbyrC-C bond 


scission: 

‘'1CH + CH,;R ——~ [H,''C-CH,R]t —M——> H,''C=CH, + R 
‘'CH insertion into secondary and tertiary C-H bonds’ was 
believed to account for the products i-butene, in the 
reaction with butane, and /sSobutylene-''C, in the reaction 


with isobutane, respectively: 


SCH as CH.=CH>-CH =—CH, ————— [CH,-CH-CH.,-CH, ]f ———— 
| 


11CH, 
a Glee SF gic, * C= CH=CHe=CH. 
Cuz CH; CH; 
| | yi 
oC Heth G— Chess enet' (C-C-CH; }% —» CH, + Hz! 'Cec 
| \ 
GHs GHe CH; 


Furthermore, the reaction with ethane and those hydrocarbons 
containing an ethyl group gave appreciable yields of propy- 
lene-''C. With ethane, the mechanism probably involves C-H 


bond scission; 


H 


PUGH) + (CHE CH ae 1H i'n’ CHGH-GH jt c=>e Hy 1C=CH-CH, =F H 


a9 


More evidence for the occurrence of CH insertion into 
C-H bonds was later provided by Wolfgang and coworkers,’'>’? 
Who -reactedey° °C, produced *by nuclear recoil fiwith *H, fPrczH; 
mixtures. All the products could be assigned to C, CH, or 
CH; precursors, except 1-pentene, which apparently arises 


Proms: ‘GHeinser®&ion sinto sthesfCe2H bond of C.H,: 
‘1CH + C,H, —— [H,''C-CH=CH,]?f 


The allyl radical may add to ethylene to give ae pentenyl 
radical, which undergoes H-abstraction with another molecule 


Or radical: 


RH 
fray G=aCH=CH Sit st; CoH ——— CH =CHe-tieCueaecH=GH, wee 


—=> (CH)-CH,—"'CHs=CH=CH, 


Alternatively, the allyl radical may combine with an ethyl 


radical to give 1i-pentene: 
[H,1'C-CH=CH, Jt oF Cor. See Gee GH CH=CH. 


Braun et al]l.'? were the first to study the kinetics of 
CH reactions. Until then, the only rate constants reported 
were those estimated for the reaction of CH with ammonia, 
deduced from experiments with an acetylene - O, - NH; 
flame,’* and for the reaction of CH with 0O,, deduced from 


C,H, and C,H, flames.’* In the study done by Braun et al., 
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CH waS generated from the flash photolysis of methane, and 
its decay was followed by monitoring the Q branch of the 
G*>*— X*Il system at 314.3 nm. The rate constants for the 
reactions given below were determined relative to the rate 
constant of recombination of CH, estimated to be 1.2 x 10'! 


Meese uprange are. 11St6G In table 1.3% 


CH + CH, —— CH,CH,Tt 


Ci aat . saaee (OR 


CH +N, ——~ products 


They suggested that CH insertion into methane, as _ pro- 


posed earlier by Wolfgang and coworkers,’*® played a dominant 


role in the formation of ethylene, a major product. This 


would explain the formation of essentially d., d,, ds; and 


d,, and the non-appearance of d, ethylene, in the flash 


GHoOLC hy SsiSeOrea CH, CD, amixture: 


CH + CH a CH=CH, 1 Se Ghee. ot 


CD + CH, —— CHDCH,f ——~» CHDCH, + H 


GDN CL ere CD CD CD. it) D 


TABLE 1.3 


Second Order Rate Constants 


Substrate 


Early Braun‘? 


estimates 
hydrogen H, 
nitrogen N, 


oxygen 0O, 207. 0Gae 


ammonia NH; =O 0 Ove" 
water H,0O 

carbon monoxide CO 
carbon dioxide CO, 
nitric oxide NO 
methane CH, 

ethane C.H, 

propane C3H, 
n-butane n-C,H, 
ethylene C.H, 
acetylene C,H, 
propyne C;3H, 
cyclopropane c-C3H, 
cyclohexane c-C,H,. 


benzene c-C,H, 
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k, for the Reactions of CH(X?MI) 


KyaX) Om (Meat Sots) 


On62 
0.043 


Bosnali & 
Perner’’ 
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0.61 


424 


59 
Pat! 


Ph ese) 


20a 


82 
78 
69 
45 


ae 


ae 


I+ 


I+ 


I+ 


I+ 


I+ 


I+ 


I+ 


1.2 


Yad 


1Sa7 
0.56 


3520 
eots 


I+ I+ 


I+ 


I+ 


1831 


as 


ft : 


~~ * i‘. + 
. 2 ~ ) 
{ [ - >I 1s 
: © 
} 
‘|<: , * 
* ow 


rao .t , 4. n9poTtt ee 


: an 
a0.0- :O mepyEe 
re & 


— 
**30.0< 4M 6. eOmms 
> 


= , 
~~ 


Tys ; 4.5 |nyg 01g 


' “4H. D-> sasgesgeloys 


4 ; a 


7 a * 
~ G! > aYyr 
a? ~ xedoloy 


SZ 


The insertion reaction of CH with H, was inferred from the 
large increase in the yield of ethane, presumably formed by 
the recombination of CH;, upon the addition of hydrogen. Ab 
initio calculations carried out by Brooks and Schaefer’ 
yielded very low energy barriers for the insertion reactions 


Srebothe CH (x7Il)mand CH{(AGA;) with: H., 


CH (X?IT) uF H, a CHaCx Aa) 


CHESORS Aare) a5 igi ———— CHE kote) 


but substantial barriers for the abstraction reactions. 

The above results support the view that, on a spin mul- 
tiplicity basis, doublet ground state methylidyne may be 
regarded as the analog of singlet methylene, and quartet, 
lowest excited methylidyne as that of triplet methylene. 
Singlet, lowest excited CH,(A'A,) has been shown to insert 
mito Gane bonds and *H?, and it appears that CH(X7Il)reacts 
Similarly. 

Bosnali and Perner’’ measured rate constants for the 
reactions of CH with 11 substrates. CH was produced from the 
pulse radiolysis of methane, and its decay was also followed 
by monitoring the C’*Z* + X?]I system. No product analysis was 
Carried out and the results are Summarized in Table 1.3. 

The reaction of CH with O, was Studied very recently by 
Messing et al.,** who produced CH by the multiple photon 


dissociation of methylamine using a TEA CO, laser. The rate 
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constant, measured by following the laser induced 
Plniorescencem= (Lie) Of the © branch of the (0,0) band of the 
A?A — X?II system at 431.4 nm, was in good agreement with 
that determined from the chemiluminescence of the OH(A?>*) 


radical, thus establishing the nature of the reaction as: 


Gra) meee Ot os Ole) Me COCK) + OH CAA @ ) 


AHY= —-56 kcal mole 


Mhesemeastired rate constant, (19.8 + 2.4) x 10° M™! s"', was 
in agreement with the one determined earlier by Bosnali_ and 
Perner. In addition to the above reaction, other channels 
are possible, such as the ones proposed by Lin,**® who 
observed infrared laser emission from both CO (5 nm) and CO, 
(iUsnm)setollowing the u.v. (X\°> 165 nm) flash photolysis of 


emGHBG./7O./S'. mixture: 


Grey sl] eee a> et) ee COURS.) eb OH (X711) 


Ss Go, Geer See 


Additional routes yielding CO(a°II) or HCO are also energe- 


tically feasible, but have not been confirmed: 


CH(X2IIl) + 0; (X° Sg] ) © —_>_ CO(a°7I1) + OH(X7I1) 


——> CHO + 0(?P) 
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Lin also investigated other systems, such as CHBr,/SO,/SF, °* 
and CHBr,/NO/SF,,°’ and suggested the following reactions as 
being responsible for the observed CO laser emission: 

CH(X?II) + O(?P) ——~» CO('E*) + H(?S) 

CH(X2Ih) “te NOMeIL) tae COMA? ) 7 + NH(22£)) 
In this system O(°P) atoms are formed from the photolysis of 
SO,; SO, is a good source of O(°?P) because of its high ex- 
tinction coefficient at A’ < 200 nm and the high quantum 
yield of production of O(°P) atoms: 

SOceteby (\ >a 1 6Spam —pers SO(8D-> )aite O48 Pi) 
On the basis of product analysis, and the variation of the 
laser intensity with the flash energy and SO, concentration, 
Lin concluded that the laser emission intensity was limited 
by the following side reactions: 

CHE + (CHey=——> CH, 


CH + SO) ———-—_ products 


CH) a SO,g ta C508 pa CHOmse SO 
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Lin and coworkers'*’!'*,»7%;7*% have also meaSured the 
rates of reaction of CH with a variety of substrates. They 
photolyzed CHBr, using a pulsed ArF laser and monitored the 
LIF of the A?A — X?II transition at 429.8 nm. Their reported 
rate constantS are presented in Table 1.3. Since the rate 
constants for some substrates such as C.H, amd C.H, were 
redetermined in their latest paper,’’ only the latter values 
are presented in Table 1.3. 

A comparison of the rate constants measured by Braun et 
al., Bosnali and Perner, and Lin and coworkers indicate that 
Lin's values are, in general, high. Lin ascribed the lower 
values reported by Braun to his overestimate of the CH 
recombination rate, on which the evaluation of the rate 
constants for H,, N, and CH, were based. The values for the 
rate constants of insertion into primary, secondary and 
tertiary C-H bonds of saturated hydrocarbons indicate the 
rather indiscriminate nature of the insertion reaction, 
being close to collision frequency. Furthermore, a compari- 
son among the rate constants for reactions with CH,, C.H, 
and C,H, reveals that CH reacts with the unsaturated bonds 
as well, probably in a fashion parallel to the well 
documented concerted cycloaddition of CH, to alkenes and 
alkynes. In fact, ab initio molecular orbital calculations 
carried out by Strausz and coworkers*® predicted a zero 
activation energy for the asymmetric concerted cycloaddition 
of CH(X?II) to ethylene. In comparison, rate constants for 


CH,(A'A,) reactions with alkanes and alkenes are of the 
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Oracc terol Umm Mena S s,s DOInNtEing to.the slower reactivity of 
this species. 

Lin and coworkers’’*’ also speculated about the nature of 
the following reactions of CH with inorganic substrates: 


CH + N, === uc=N=nt —“ 5 ucen, 


CH e.CO ta SEC. On? 


Cre CO gee ere at iCO 


yet product analysis is required to confirm the occurrence 


of these reactions. 


Bromomethylidyne, CBr and Chloromethylidyne, CCl 

So far, kinetic studies on CBr and CCl have been 
restricted to only a few reports. Strausz and coworkers?*°?§ 
studied CBee reactaons eby) flash “photolyzing CHBr, and 
monitoring the A?A=+- X?II absorption at 301.4 nm. Tyerman*' 
flash photolyzed CF,CCl, to generate CCl and monitored the 
A?A + X?II absorption at 278 nm. Most recently, Wampler and 
coworkers*? photolyzed CCl, with an ArF excimer laser, and 
followed the CCl concentration via the LIF of the 278 nm 
band. 

The great similarity in the reactivity of these two 
carbynes makes it appropriate to discuss them together. The 


rate constants meaSured are summarized in Table I.4. Unlike 
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CH, which inserts into C-H bonds indiscriminately at rates 
approaching collision frequency, CBr, on the other hand, is 
quite non-reactive towards primary C-H bonds, and the data 
on isobutane suggest a slow insertion into the tertiary C-H 
bond. Similar studies for CCl are less conclusive, since 
Tyerman observed slow reactions with propane and cyclo- 
hexane, while Wampler reported no measurable reaction with 
Saturated hydrocarbons. Also, values for the halomethanes 
indicate that the C-F bond is slightly more reactive than 
the C-Cl bond. This is unusual because the C-F bond is much 
Seuongeratnans the C-Gl, bond: 

Both O, and NO are reactive towards these carbynes, but 
O, reacts at least ten times faster with CH. Furthermore, 
Bhnemreactyvons Of Of With CBr, which are highly exothermic, ** 
could contribute to the CO and CO, laser emission observed 


byeibine in the flash photolysis of CHBr,/O. mixtures: 


Gai Ih) mts OeG: Ga) ea CO 1 (5) Br OG? TT) 


AH = lek CalwemoLless 


—> CO,1('Zg*) + Br(?P) 


AH 


=| S88) kKcalemoley: 


The same could be true for the CO laser emission observed in 
CHBr,/NO mixtures,°*’ although BrN has not been detected and 


the exothermicity of this reaction has not been evaluated: 
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CBr(?I1) + NO(?M) ——~ cot('z>*) + Brn 


— > CN(?7I1) + BrO(?m) 


Misawa tinkecalk mole ' 


Fhemelowern “reactivity of CBr and €Cl; comparedgto;}CH, is 
again displayed in the results on alkenes and alkynes 
(Tables I.5, 1.6). For example, CBr and CCl react two orders 
of magnitude slower (or as much as three orders of 
magnitude, based on Lin's results) with ethylene, and three 
orders of magnitude slower with acetylene. Consequently, CBr 
and CCl display a more selective behaviour in their 
reactions, which seems to be manifested more with the less 
reactive alkynes than with the alkenes. For CBr, the rate 
constants for the methyl-substituted and fluorinated ethy- 
lenes, compared with that for ethylene itself, clearly 
reveal the electrophilic nature of this carbyne which, as 
Suggested earlier, can be attributed to the presence of an 
empty and a half-filled p orbital on the carbon atom. 
However, Tyerman reported that the reactivity of CCl with 
ethylenes increases with increasing halogenation; these 
results appear to be unusual and warrant further investiga- 


GSivon 


Fluoromethylidyne, CF 
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TABLE 1.5 


Second Order Rate Constants k, for the Reactions of CBr(X?I) 
and CCl1(X?II) with Alkenes and Benzene 


Substrate re xem Over MoghS ant) 
CBr Coy 
Strausz and Tyerman®*' 


coworkers?5 


ethylene C.H, Os46u+207 07 Qason tao. 04 

propylene C;3H, SOO. 2 Pantey 32 (Na 7ae) 
OeSee 0) 01 

1-butene 1-C,H, Eh Eze 

trans-2-butene t-C.H, Gate Or Om tm led 

iso-butene isSo-C,H, Sys) £2 Ta 

tetramethylethylene otal 

eCHay7CC( CH: ); 

Cre CCl, (LA) Ga MOS 1S) 

SECLCE 1. Sera4 

CHETCCE: 4 +2 

CCl, 108+e5 

C.H;F Oe itsings (bie 

Grt-C.H. Bs 0.12 + 0.01 

C HF; Side reactions 

CAGE Side reactions 

benzene c-C,H, 0, 226+1.0)-025) 


a) Ruzsicska** b) Wampler and co-workers*? 


A Del 
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TABLE 1.6 


Second Order Rate Constants k, for the Reactions of CBr(X?I) 
and CC1(X?7II) with Alkynes 


Substrate Kee Omer ( Mais = 1s) 
CBr Cex 
Strausz and Tyerman®' 
coworkers? § 
acetylene GeUS tate 0007 Onl eee 
acetylene-d, OF 0726 te0.007 
propyne bates ee AOS) ae Se. (ers 
1-butyne 6. 2at eal et) 
2-butyne 245705 
1-pentyne Sic) Bs (St 
2-pentyne 20S 
2,2,5,5-cetramethyl=- Sa tC 
3-hexyne 


0.002 
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2-butyne-F, 0.020 
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was estimated for the reaction CF + F + M, where M = Ar. To 


date this is the only kinetic measurement on CF reactions 


reported in the literature. 


However, the presence of CF was invoked in order to 


explain the origin of the CO laser emission observed by Hsu 


and Lin‘® in the CFBr,/S0O,/SF, system, 


CROAT eto G2 a CO >) te (2p) 


with the possible side reactions postulated to be: 


(OP a: (2 Soe e (GR 


CF + SO —— products (FCO + S, etc.) 


CF + SO, ——~ products (FCO + SO, etc.) 


Also, in the CFBr,/NO/SF, system, examined by Burks and 


Lin,‘* CF was proposed to be the precursor of O(?P) atoms: 


CRG@il) + NO (211) > FCN tae By) 


CF(2II) +°0(*P)* ——- cot('s*) + F(7P) 


The following possible side reactions were suggested as 


limiting the laser output: 
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WO Sa Ae Se I 
Cite NO er COL tN 
CF + N ——~»> CN + F 


Carbethoxymethylidyne, CCO,Et 

The liquid phase study on CCO,Et is, to date, the most 
comprehensive mechanistic investigation of the nature of 
carbyne reactions.‘*®—*? Photolysis of mercuryDiSdiazoacetate 
at \ < 280 nm produces CCO,Et, which was found to undergo 
insertion into the C-H bonds of alkanes, alkenes and 
alcohols, the O-H bonds of alcohols, and stereospecific 
cycloaddition to C=C bonds. 

On photolysis in cyclohexane, C-H insertion was 
regarded as being responsible for the formation of the 
principal products ethyl cyclohexylacetate (I) and diethyl- 


2,3-dicyclohexylsuccinate (II): 


CH-CO,Et CH,-CO,Et 


S) + CCO.Et or H abstraction CY (1) 
. _—_ a 
dimerization 
~CH-CH 
Lietin 


CO,Et COsHc 


CE) 


Cyclopropyl radical intermediates played an important role 
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in the reactions with alkenes. With cyclohexene, the pro- 
ducts ethyl endo- (III) and ethyl exo-norcarane-7-carboxy- 
late (IV) were ascribed to cycloaddition of the carbyne, 


followed by H abstraction: 


CO,Et CO,Et 


H 
Cj+cco.ne + OS com oa. Cris co. 8¢ (1) 


The observation that the less stable endo isomer is the 
predominant product was rationalized on the basis of steric 
considerations, i.e. radical attack would preferentially 
take place on the more exposed side of the p orbital, giving 
rise to the endo product. The endo - exo ratio was found to 
be dependent on the photolysis wavelength, decreasing from 
S22, .t0, 4.3. swith. increasing, wavelength ,of..irradiation. 
However, at all wavelengths, the values are considerably 
higher than those obtained from the reaction of carbethoxy- 
methylene (which is a minor photolysis’ product) with 
cyclohexene. Thus the photolysis of ethyl diazoacetate (a 
precursor of carbethoxymethylene) in cyclohexene leads to 
the formation of endo and exo addition products in the ratio 


~ 


of 0.5.°°** Therefore the high preponderance of the endo 
isomer in the photolysis of mercurybDiSdiazoacetate is a 
clear indication that the reacting species is definitely the 
Ccarbyne. 


The cyclopropyl radical intermediate can also undergo 


an addition reaction with cyclohexane and the resulting 
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radical subsequently disproportionates to form ethyl 
norcarane-7-(3'-cyclohexenyl)-7-carboxylate (V) and ethyl 


norcarane-7-cyclohexyl-7-carboxylate (VI). 


CO,Et CO,Et CO,Et 
on O WO OvI0 disproportionation 
—_—_ + : a 


CO,Et COVEt 


<a w+ OF Own 


CEQ{Et «was also ‘shown to insert into the C-H bonds of 
cyclohexene, and exhibits a slight preference for the weaker 
allylic C-H bond, as indicated by the relative yields of 
ethyl (3'-cyclohexenyl)acetate (VII), ethyl (1'-cyclohexen- 


yl)acetate (VIII), and ethyl (4'-cyclohexenyl)acetate (IX): 


H CH-CO,Et HECH GOTEt 
H abstraction 
O wGCOME Le = C5 pases ee C3 ae) Gin Fe, 
CH,CO,Et 
( ON Ti) Oma) 
H CH ACOnEt 


( C CPx ed Tee) 


Similar results were observed with cijsS- and trans-2-butenes. 


In addition LOM yOu GH mDOndnminsentaon, products; 
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cycloaddition led to the formation of ethyl 
Cis-2,3-dimethylcyclopropane-cis-carboxylate (endo isomer) 
(X) and ethyl cis-2,3-dimethylcyclopropane-trans-carboxylate 


(e€xo isomer) (XI) in the reaction with cis-2-butene: 


Me Me Me Me 
Wes 
— SG Oy 1S Ce COM, Cap 
Me Me Me Me 
COREt 
—— Wase (z)a+ an (XI) 
COZ Et 


In contrast, only ethyl trans-2,3-dimethylcyclopropane- 


carboxylate (XII) was obtained with trans-2-butene: 


Me Me CO,Et 


- teCCO {Eo > Meo Ba ire (XII) 


These results clearly reveal the stereospecifity of the 
cyclopropane formation, and strongly suggest that 
CCO,Et(X7II), and most likely all doublet ground state 
carbynes, undergo concerted, but, as molecular orbital cal- 
culations suggest, orbital symmetry forbidden, addition 
reactions with alkenes. This confirms the hypothesis that, 
on a spin multiplicity basis, doublet ground state carbyne 


can be regarded as the analog of singlet carbene, which is 
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known to undergo concerted, asymmetric addition reactions 


with alkenes. 


The reactions with 2-propanol is slightly more complex 
Since insertion into both the O-H and C-H bonds takes place, 


leading to the formation of the principal products XIII and 
ALV 


OH fe) Me 


| | H abstraction \ 


Me-C-Me + CCO,Et —» Me-C-Me ~~ CH-O-CH,CO,Et (XIII) 
| | 
H H Me 


OH Me 


| H abstraction | 
| | 
>CHEOL Et OH 


Ethyl 3-methyl-2-butenoate (XV) and isopropyl ethoxyacetate 
(XVI) were also formed. XV was postulated to arise from the 
dehydration of XIV, whereas the production of XVI was 


believed to involve a ketene type intermediate formed via 


ethoxy migration: 


O O 
| / . : H abstraction 
C-C-OBt. —=— > >-C=C-O8t 4 ———>-_ 0 2zC=C-0OL to 


(iPrO-)(H*) 
— > O=C=CH-OEt ——> 77 arwacae ue) 
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Kennepohl®? also investigated the reaction of CCO,Et with 
pyrrole and benzene. The prominent feature of the reaction 
with these substrates was the formation of a cyclopropyl 
radical intermediate, followed by facile ring expansion. 
With pyrrole, the predominant products were ethyl pyri- 
dine-3-carboxylate (XVII) and ethyl a-pyrrolacetate (XVIII). 


XVII was most likely a ring-expansion product, 


COLEE CO,Et 
/j 7 -H- Ss 
¢ \ + cco,Et ——> a ae 
N N N 
| | 
H H (XVII) 


while XVIII was probably formed by: 


CO,Et H 
(\ + CCO,Et ry H abstraction (Yeo, 81 
N N N 
| | | 
H H H 
Os 
N CH,CO,Et 
| 
H UX VED) 


Traces of ethyl pyridine-2-carboxylate (XIX) and dihydro- 
pyridines (XX), (XXI) were also detected, and their produc- 


tion schemes were tentatively formulated as: 
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¢ \+cco,.zt—> ¢ Y ———+ ier 
N Noa COZEt GI x)" 
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N 
| 
H HCCO,Et 
CO,Et COZEt CO,Et 
{/ aS H abstraction 
——>- ie ‘ | H 
N N H N H 
| | | 
H H 
(XX) 
H nen 
imeeco.nt \/ CO.Et 
H abstraction 
Femmes, tl bet | 
N N 
| | 
H Hee 322030) 


The photolysis in benzene led to the formation of ethyl 
cycloheptatriene-carboxylate dimer (XXII) via addition of 


the carbyne across the C=C bond: 


O + CCO,Et ——> CE co. 8 —> 
CO,Et 


Corre 


dimerization 
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B. FLASH PHOTOLYSIS 

Since the original paper of Norrish and Porter®’ 
appeared thirty years ago, flash photolysis has _ undergone 
Significant technical refinements, and has become a major 
implement for photochemical studies of fast reactions. Since 
flash photolysis is no longer new and many articles have 
been written on this subject, a brief description of a 
conventional system here should suffice. 

In flash photolysis, a non-equilibrium situation can be 
created, in a short initiation time of microseconds, and 
recently, nanoseconds, by a photolysis lamp which produces a 
high intensity flash. This provides the energy required for 
the generation of large concentrations of the radical inter- 
mediate being studied. Reaction of the radical with an added 
Substrate would alter its decay rate, which can be measured 


in two ways by kinetic absorption spectroscopy. 


1. Flash Spectroscopy 

In the first approach the whole absorption spectrum is 
recorded at a given time. This iS accomplished by a 
monitoring beam from the spectroscopic lamp, fired at a 
pre-set delay time, which provides essentially a background 
continuum. After passing through the reaction mixture, the 
beam is resolved by the spectrograph and recorded on a 
photographic plate. The procedure is repeated at various 
delays, so aS to obtain a time profile of the chosen 


absorption band of the transient. 
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2. Kinetic Spectrophotometry 

Here, a single absorption line is monitored as a 
function of time. This requires the replacement of the 
spectroscopic flash lamp by a continous light source, and a 
monochromator to isolate the single wavelength, which is 
detected by a photomultiplier. The output is stored in a 
transient recorder and the decay profile of the transient 
can be displayed on an oscilloscope or on graph paper by 


using an x-y recorder. 


C. AIM OF THE PRESENT INVESTIGATION 

The development of improved techniques for the produc- 
tion and detection of radical intermediates in the past two 
decades has led to a growing body of knowledge concerning 
the chemistry of carbynes. CH has been well studied, and 
shown to insert indiscriminately into primary, secondary and 
tertiary C-H bonds, and also to undergo concerted, 
asymmetric cycloadditions with alkenes and alkynes. Rate 
constants have been measured for a variety of substrates: 
they are all very high, close to collision frequency, and 
consequently exhibit little variation with the nature of 
Substrates. CCO,Et also undergoes insertion and _ concerted 
cycloaddition, and these reactions appear to be character- 
istic of carbynes in general. 

The early work of Simons and Yarwood has shown that CCl 


and CBr can be produced by the flash photolysis of a variety 
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of precursors. Although the simultaneous generation of other 
radical species precludes mechanistic studies by means of 
product analysis, all these systems are perfectly amenable 
to kinetic studies. 

At the time this project was initiated, some rate 
constants for the reactions of CCl and CBr with selected 
alkanes, alkenes and alkynes had been reported (cf Tables 
1.4 - 1.6). In general, they are somewhat lower than those 
for the analogous CH reactions and in fact the pattern of 
reactivity towards alkenes and alkynes upon substitution 
Suggests a marked electrophilic character for CCl and CBr. 
Inspection of the data in Table 1.4, however, reveals some 
inconsistencies: 

— Strausz and coworkers? ® reported that CBr is 
non-reactive towards primary and secondary C-H_ bonds, 
and inserts slowly into tertiary C-H bonds, whereas 
Tyerman®' reported that CCl, whose reactivity should 
closely parallel that of CBr, reacts at a meaSurable 
rate with propane. 

— the rate data for the halomethanes suggest that the 
rates of reaction with C-F bonds are faster than with 
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It was therefore decided to initiate a kinetic investigation 
of the reactions of CCl with a variety of substrates, not 


only in order to resolve the above discrepancies, but to 
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delineate, hopefully on a quantitative basis, the 
relationship between the reactivity of CCl and the physico- 
chemical properties of the substrates. CHC1Br, was chosen as 
the precursor of CCi since it is readily available and has 
been shown to generate CCl in amore or less well defined 


manner. The following substrates were chosen for study: 


Straight chain, branched and cyclic alkanes, in order to 
assess the effect of the C-H bond strength on the rate 
of insertion; 

—an extensive series of alkynes, to firmly establish the 
electrophilic nature of CCl; 

— silanes, in order to see whether the d-orbitals on the 
SrercoOnsatomme would atfect the reactivity of ~CCl: and 
also to investigate the possibility of insertion into 
@he=Si-Si) bond: 

— halogenated silanes, as a further test of the electro- 
philic nature of CCl and to see whether the Si-F and 
Si-Cl bonds are reactive; 

— finally, a few selected heterocyclic compounds in order 

to see whether the site of attack would be shifted to 
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II. EXPERIMENTAL 


A. APPARATUS 


1. The Vacuum System 

The Main Vacuum System 

A conventional high-vacuum system constructed of Pyrex 
was used for the gas-phase kinetic study. It was completely 
grease-free, utilizing mainly helium-tested Hoke Valves and 
Teflon Valves, and consisted of a distillation train anda 
Storage unit (Figure II.1). 

The vacuum system waS evacuated to a pressure of 10°° 
torr by means of a mercury diffusion pump backed by a rotary 
pump (Duo-Seal Vacuum Pump, Model 5KC42 JG14A, W.M. Welch 
Manufacturing Company). Relative pressures were monitored by 
Pirani Vacuum Gauges (type GMA140), while absolute measure- 
ments were made by mercury manometers and an MKS Baratron 
Pressure Meter (type 77) capable of measuring absolute 
pressures in the range 10° to 10°? torr. 

The distillation train, consisting of a series of three 
traps isolated by Teflon Valves, was used for purification 
of the reagents. The storage system consisted of four 3 - 
litre bulbs for the temporary storage of reaction mixtures 


to be used in the flash photolysis. 
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mixture storage bulbs 
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7: Pirani Vacuum Gauge Tube 


8* : Boratron Pressure Meter Head 
© : Hoke Valve 
© : Teflon Valve 


| : Inlet for the introduction of liquid reagents 


ll: In 


let for the introduction of gasous reogents 


FIGURE II.1 The Main Vacuum System 
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The Helium Line 

Helium was introduced into the main vacuum line after 
passage through a 30 cm long column of copper’ turnings 
(heated to 350°C by heating-ribbons for the removal of 
oxygen) and a 30 cm long column of molecular sieve (type 5A, 


for the removal of water vapour). 


The Lamp Vacuum System 


A separate mercury-free line was used to fill the flash 
lamps. Vacuum was achieved by a Duo-Seal Vacuum Pump (Model 
5KH35KG113E) and the pressure waS measured by a mercury 
manometer with N.R.C. DC 704 pump oil covering the surfaces 


of the mercury. 


2. The Flash Photolysis System 
The major components of the flash photolysis system are 


illustrated in Figure I1.2. 


The Reaction Vessel and The Reflective Housing 


The reaction vessel (Figure II.2) was a quartz cylin- 
Grical tube 72 cm long and 21 mm in inner diameter. It was 
equipped with flat, quartz windows on both ends and a side - 
arm for the introduction and removal of the reaction 
mixture. The side-arm was connected to the main vacuum 
system by a Nupro Valve, which facilitated the detachment of 


the reaction vessel from time to time for cleaning. 
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The reaction vessel, sitting on two end-supports, was 
positioned at the centre of a reflective housing assembly 
lying horizontally along the optical path. Apertures on both 
ends allowed the passage of light in and out through the 
reaction vessel. 

The housing (Figure I1I.3) was constructed of aluminum 
and was cylindrical in shape, 80 cm long and 15 cm in inner 
diameter. It consisted of two half-cylinders joined together 
by hinges on one side, so that the upper half could be 
opened for the removal of the reaction vessel and the 
photolysis lamp for cleaning. The lower half, upon which the 
ends of the reaction vessel and the photolysis lamp rested, 
was mounted by two supports onto the optical bench. 

The inner surface of the reflector was coated with MgO 
which was highly reflective in the visible and quartz u.v. 
region of the spectrum. OccaSional repainting was necessary 


due to the tendency of the MgO to flake off rather easily. 


The Photolysis Lamp 
The photolysis lamp / (Figures 11.2 and I1.3) was a 


Quartz tube 19 mm in inner diameter equipped with a side-arm 
for filling and evacuation. Molybdenum-alloy electrodes 
(Vitreosil Model T/E7/232) were sealed into each end by 
Standard lead seals able to withstand high thermal. shock. 
The distance between the tips of the electrodes, 73 cm, was 
about the same as the length of the reaction vessel. The 


side-arm wasS connected to the lamp vacuum line through a 
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high vacuum stopcock (Pyrex V-4) and a detachable ball - 
joint. The stopcock isolated the lamp from the vacuum line 
while the ball-joint facilitated the removal of the lamp for 
cleaning. 

The lamp was placed horizontally next to the reaction 
vessel, with the electrodes resting on the ends of the 
reflector housing and protruding outside through the end 
apertures. When filled with 50 torr krypton, the flash 
reached its maximum intensity in 14 sec and had a half-life 
of about 22 sec. The lamp circuit included an ignitron 


(Type NL 7703), which controlled the firing of the lamp, and 


a G.E. Energy Storage Capacitor (capacitance = 14.5 pF, 
voltage = 20 kV) which dissipated 2900 kJ per photolysis 
flash. 


To condition a new lamp the following method was used: 
the lamp was fired initially at a low voltage and the _ fir- 
ings were repeated with gradually increasing voltages until 
the designated voltage (20 kV) was reached. The repeated 
firings helped to condition the new lamp to the thermal 
Socks Otel iminduatsecm high  —voltage, and to degas =the 


electrodes. 


The Spectroscopic Lamp 


The spectroscopic lamp (Figure I1.4) was also made of 
Quartz, and molybdenum alloy electrodes (Vitreosil Model 
T/E7/232) were sealed into the side-arms by standard lead 


seals. They were separated by a short capillary tube, 5 cm 
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long and 3 mm in inner diameter, to ensure high current 
density and the generation of a plasma. An aperture which 
was close to the lamp window minimized the passage of silica 
towards the window, and an expansion bulb was used to 
accomodate the shock wave which accompanied the flash. The 
lamp parts were sealed together by black wax to facilitate 
frequent cleaning, and the lamp was connected to the lamp 
vacuum line through a high vacuum stopcock (Pyrex V-4) and a 
detachable ball-joint. 

Like the photo-lamp, the spec-lamp was also filled with 
50 torr krypton. At this pressure, the spectroscopic flash 
provided essentially a background continuum. The _ flash 
reached itS maximum intensity in 6 psec and had a_ half-life 
of about 14 psec. The lamp circuit also included an ignitron 
(National Tube NL-7703) and a Tobe Energy Storage Capacitor 
(Model ESC-357, capacitance = 1.0 mF, voltage = 20 kV) which 
provided an energy of 200 kJ per flash. The spec-lamp was 


also conditioned by repeated firings at lower voltages. 


The Lenses 

Fused quartz lenses were used to collimate the spectro- 
scopic beam during itS passage across the reaction vessel 
and to focus it at the entrance slit of the spectograph. 
Since the refractive index, n, of the lens changes with 
light frequency, a small focal length adjustment was 


necesSary. 


S9 


£3 ” 
*nayst inid swede 2 wstemerS tenn ai amet bas cn 


if wimegqs tt mtalig es 20 motzetenep odd drs ysianed 
2e00 21 rFainia eebeie qael sit 99 saols ate 


— ifud jienetes Re Bne .wodniw edy abraweds 


idw evew doede ed? est sbomenge 


) are — Tea a7 
~~ ? ?, 
é ry ‘3 eonlosgsaz 


iG ai murs Api 6 dpwotttrenty ULM 


7 - 
a 


. ie a 
~~ . st ty] lilac aidedos -* 


) ‘ - Is0nfq oAZ 
. r 
~~ t J +4 a. | 

; 7) A a s ic. .eisiaees 


al? -D9aK >! 

ar ju sau? fener 

; exristiszaven .TeE-Ded Jems 
ma ti~ 

jd: 24 y¥pteces os bsbivam 


77 a 
ae 


Seraayea vd Benolsibios Ommm 


~ 


? r 
esered at 9 
- 


Oxpssegde 4a) ote > os Sean alata senol 32 18Up me 
Leradey naiizaes sit Bet tcs. senezeg eee whi 


a] as r 


7 


63 


The focal length £ of a lens whose two faces have radii 
of curvature r, and r, is given by: 
1 1 
"Seemed facies Lian rane om) 
This results in the following relationship for the focal 


lengths of a lens in light of wavelengths da and AB: 


The Behhactiycmsindexsnms Offs tusedu. Quartz in Na . light 
Perecooesene ise t.467 and) in »Cd oljight, (\.= 274.9 nm), 


which is close to 280 nm, the region of the u.v. spectrum 


under investigation here, n = 1.50. Therefore, 
Dees nin oe coe me ame) 


The focal lengths of lens #1 and lens #2 in visible light 


are 16 cm and 32 cm respectively. Thus, 


for lens #1 iconcape be aM est een) 
= 14.7 cm 
for lens #2 eee ahs ei tell, (136 ——) 


= 29.4 cm 
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Therefore lens #1 was placed 14.7 cm from the spec-lamp and 


lens #2, 29.4 cm from the spectrographic slit (Figure II.2). 


The Spectrograph 


The monitoring beam from the spectroscopic lamp entered 
the spectrograph (Hilger & Watts Model 742.1) through an 
entrance’ slite(slit width = 0.010 mm) (Figure 11.5). In this 
Littrow mounting system, utilizing a quartz prism as a dis- 
persion device, each incident ray traversed the prism twice 
and the resolved spectrum was focussed on a light-Sensitive 
photographic plate (Kodak Spectroscopic Plates Cl1FO Type 
103a-0). The absorption lines in the spectrum were traced 


out as absorption peaks uSing a microdensitometer. 


The Operation of The Flash Photolysis System 


The circuit diagram is illustrated in Figure I1.6. 

The two lamp capacitors were first charged up to the 
desired voltages. Pushing the 'start' button supplied the 
necessary energy for the firing of the photolamp ignitron, 
which behaved in a similar manner to a spark gap. This 
closed the lamp circuit and caused the capacitor to 
discharge through the lamp, producing the photolysis flash. 
The current generated from the discharge was relayed to the 
delay generator through the trigger coil. This, after a 
pre-selected time delay, fired the spectroscopic-lamp 
ignitron and in turn caused the capacitor to discharge 


through the lamp. The spectroscopic flash traversed the 
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reaction vessel axially and was resolved by the spectro- 
graph. The resulting spectrum was recorded on a photographic 


plate. 


The Delay Generator 
The delay generator (Type 1217-C General Radio Company) 


ensured that the spec-lamp was fired at a pre-selected delay 
time after the photolysis flash. This was accomplished in 
the following manner: the delay pulse which was relayed from 
the photo-lamp circuit through the trigger coil entered the 
Output pulse circuit of the Delay Generator and initiated 
the charging of a capacitor; the rate of charging was depen- 
dent on the values of a resistor in the circuit, which was 
controlled by the settings of a Delay-Time Dial. Once the 
Capacitor was charged up, the voltage in the circuit would 
be sufficiently strong to turn on a vacuum tube, generating 
a delayed pulse as an output of the circuit, which even- 
tually reached the spec-lamp circuit and fired the spec-lamp 
ignitron. 

Owing Bowmenémelimitationsjecfe theyjapparatus (+ 5% 
uncertainty), a means of monitoring the real time delay was 


necessary. The method was as follows. 


Time-Delay Monitoring 


When the photo-lamp capacitor discharged across the 
lamp, but before the high intensity pulse was produced, the 


current relayed to the delay generator simultaneously 
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activated the horizontal sweep of the oscilloscope 
(Hewlett-Packard 130C). Moreover, the light pulses from the 
two flashes were picked up by a photocell (Sylvania, 90CV), 
amplified, and also displayed on the oscilloscope screen but 
as vertical Signals. The trace was photographed 
(Hewlett-Packard Oscilloscope Camera, Model 197A) using 
Polaroid Black and White Films (Type 107 Land Film). The 
separation between the peak of the photolysis flash signal 
and that of the following spectroscopic flash signal was 
taken as the time delay. A typical oscilloscope trace is 


shown in Figure I1.7. 


3. Miscellaneous 

The Baratron Pressure Meter and the Pressure Meter Head 

The MKS Baratron Type 77 Electron Pressure Meter 
(Figure II.8) was connected to a Pressure Meter Head (Type 
77H-300) by a cable. The Head measures absolute pressures by 
means of a mechanical diaphragm. The sample side Px was 
separated from the reference side Pr, which was always under 
vacuum, by closing the valve f (Figure II.1) 

The Pressure Readout Dials controlled the amount of 
pressure applied electronically to the diaphragm on the 
reference side Pr. If the pressure at Px > Pr, the meter 
would deflect to the right (positive pressure), whereas if 
Px < Pr, the meter would move to the left (negative 


pressure); for Px = Pr the meter would read zero. 
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The pressure of a gas in the vacuum line could be 
directly read on the Panel Meter. Alternatively, the 
Pressure Readout Dials could be used to return the meter to 
the zero reading, in which case the Meter Range Dial should 
be turned down to a more sensitive scale to ensure that the 


meter actually returned to zero. 


The Microdensitometer 

The microdensitometer (Joyce Loebl Model MK11C, Figure 
II.9) was operated on a double-beam system. A manually 
adjustable optical density wedge, in the path of the 
reference beam, was used to establish the baseline. The two 
beams were alternately fed into the photomultiplier. As the 
Sample spectrum was being scanned, any difference in the 
intensities of the beams was amplified and the resulting 
Signal activated a servo motor to drive an optical 
attenuator (another optical density wedge, also placed in 
the path of the reference beam) so as _ to nullify the 
intensity difference. A pen attached to the attenuator 


traced out the resulting absorption spectrum. 
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FIGURE II1.9 Schematic Diagram of the Microdensitometer 
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B. OPERATIONAL PROCEDURES 


1. The Vacuum System 

The reaction mixtures, each containing a different 
amount of the substrate plus 3 torr CHC1Br, (the source of 
CCl), in a total pressure of 500 torr helium, were prepared 
Peoenrgmeniegia! eres bul DSmeA eb Cm and -D (Figure 11.1). 
Pressures were monitored by the Baratron Pressure Meter (for 
pressures below 300 torr) and the mercury manometer #1 (for 
higher pressures). 

The procedure for preparing a mixture (consisting, for 
example, of 0.3 torr substrate and 3 torr CHC1Br, in a total 
pressure of 500 torr helium) in the storage bulb A is as 
follows, assuming that the substrate was stored in bulb M 


and CHC1Br, was stored in bulb N: 


Introduction of The Substrate 

The Pressure Readout Dials of the Baratron Pressure 
Meter were set at 0.3 torr. With all the valves closed 
except a and k, valve m was Slowly opened to expand 0.3 torr 
Substrate into bulb A. The meter on the Baratron Pressure 
Meter should then return to zero. Valves m and a were 
closed, and h opened to pump away the substrate in the 


vacuum line. 
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Pntroaquction of CHCIBr. 

Since 0.3 torr substrate was already in bulb A, a total 
pressure of 3.3 torr needed to be set at the Pressure 
Readout Dials, and a higher pressure maintained in the 
vacuum line so that when valve a waS opened CHCI1Br, would 
diffuse into bulb A. With all the valves closed (except 
for k), valve n was slowly opened until the meter on _ the 
Pressure Meter moved to the far right. Valve n was then 
closed. When valve a was slowly opened, CHCI1Br, would 
diffuse into bulb A, as indicated by the gradual leftward 
movement of the meter. Once the meter wasS past the zero, 
valve a was closed, valve n opened again, and the process 
repeated. As the pressure difference between the vacuum line 
and the inside of bulb A became smaller, the Pressure Range 
Dial was turned down gradually until the total pressure in 
the vacuum line and bulb A was 3.3 torr. Valves a and n were 
then closed, and valve h opened to pump away the CHCI1Br, iin 


the line. 


Introduction of Helium 

With all the valves closed (except g and k), valve e 
was opened to admit helium, the pressure of which was 
monitored by the mercury manometer #1. Valve a was opened, 
and when 500 torr helium had been admitted into bulb A, 
valves a and e were closed and valve h was opened to 


evacuate the excess helium. 
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The reaction mixtures were stored in bulbs A, B, C, and 
D for three to four hours to achieve homogeneity. For the 
flash photolysis of, say, the mixture in bulb A, all the 
valves were closed except for h and i. Then valve a was 
Slowly opened to fill the line with 50 torr of the mixture. 
Valves a and i were closed and valve k opened. After firing, 
valve i was immediately opened to evacuate the reaction 
vessel, the process being monitored by the Pirani Vacuum 
Gauge Tubes #2 and #3. Valve k was then closed and valve h 
opened to introduce a fresh mixture. 

After the study of the whole set of reaction mixtures 
(in bulbs A, B, C, and D) the reaction vessel was cleaned 
either by flaming or rinsing with 10% duichereveiiwibucete acid. The 
two lamps were also cleaned with 10% hydrofluoric acid after 


the study of each substrate was completed. 


2. Development of The Plates 

The photographic plates were developed in Kodak D-19 
Developer for 3 min ©24°C, 4 min @20°C, 5 min 16°C. They 
were then rinsed successively in the Stop Bath (1% Acetic 
Acid) for 30 sec, Kodak Rapid Fixer for 2 min, and _ running 
water at 18 - 21°C for 20 - 30 min. The plates were then 
air-dried ina dust-free container for a few hours, and 


finally placed in the microdensitometer for scanning. 
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C. Materials 

All the reagents used in this work were of research 
grade. Trap-to-trap low temperature vacuum distillation was 
used for most of the purifications. The substrate placed in 
trap W (Figure II.1) was first passed through the trap X 
immersed in a cold slush to retain heavy impurities and was 
then condensed in the second trap Y, which was immersed ina 
colder slush at the temperature of which the vapour pressure 
of the substrate was close to zero. Light impurities having 
vapour pressures higher than that of the substrate would 
pass through the second trap Y and be pumped away. The 
procedure was usually repeated once or twice, and only the 
middle portion of the distillate was retained for subsequent 
use and stored in bulb M or N. 

The reagents used, their sources, and methods of 
Burr icaticon are given anealables 1181 }to s11.6. With the 
exception of helium, hydrogen, ammonia, propane, and phenyl- 


acetylene, all materials were degassed at -196°C. 
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Pil. RESULTS 


A. SOURCE 

Simons and Yarwood?'»?? investigated potential sources 
of CCl by flash photolyzing a series of chloromethanes. Both 
CBr,Cl, and CHC1Br,, recommended by these authors, were 
examined for this study. In both cases, a few absorption 
lines were obtained near 278 nm. CHCI1Br, was adopted because 


it produced a somewhat stronger spectrum (Figure III.1). 


B. ABSORPTION SPECTRUM OF CC1(X7II) 

The parent compound CHC1Br, was photolyzed in _ the 
presence of a large excess of helium to maintain isothermal 
conditions. However, a vibrationally hot transition, the 
(Gees mee band) sat 9277.0 lm hm, was Si ll observedsjat a time 
delay of about 30 psec. 

The assignment Of Sthes CCl™ absorption lines was 
accomplished on the basis of the rotational analysis carried 
out by Gordon and King*' and Verma and Mulliken.*? The three 
isothermal transitions observed here were the (Q, 0,0) band 
at =2/7/7.7 @nmes the (0,070) i bandmvature 7 Oye Omni anos ene 
(P2 0,0). band at) 278476 .nmy mal Meee Camewh De ron cmt OmmEne 
A?7A — X?7II system. The most intense absorption line at 277.7 
nm, which has an atomic line shape, was monitored for this 


kinetic Study. 
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277.81nm 


PIGURE SE Iiival 


<——— 277.70nm 


~<— 278.76 nm 
(P, 0,0) 


278.59 nm 


Absorption Spectrum of CC1l(xX?I) 


84 


85 


C. RELATIONSHIP BETWEEN THE ABSORPTION PEAK HEIGHT AND _ THE 
CC1(X?IT) CONCENTRATION 

The band intensity, or the absorption peak height, is 
related to the carbyne concentration through a modified form 
of the Beer-Lambert Law as follows. 

The absorption spectrum was recorded on a photographic 
plate. The density of a photographic image Dis related to 


the exposure E by the expression: 
De=sa. in Bob 


where a and b are constants. Since the exposure E measures 


the light intensity I falling on the plate, 


E, 0 


as 
I 


ct 
ctr 


where 


Eo Exposure of the plate with no absorbing species 


present 

Et = Exposure of the plate with absorbing species present at 
time t 

I, = Light intensity falling on plate with no absorbing 
species 

It = Light intensity falling on plate with absorbing species 


present at time t 


eaiils? ttienesné srigid 


7 ; n 
= + = 

a Pee ee, 

ss = . —— 
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On the other hand, as the absorption band intensity is 
transformed into the absorption peak by the microdensito- 
meter, the peak height PH should be the difference between 
the density of image with no absorbing species present, D,, 
and that with the absorbing species present at a particular 


Bimest. Dt. 2.e.:: 


U 
a0) 
ul 
oO 
! 
7] 
ct 
il 


ane! ties Bo EE) 


are nas Clts 1 ty) 


At this point, it iS necessary to introduce a modified form 
of the Beer-Lambert Law. This is due to the poor’ resolution 
of the spectrograph with respect to the fine atomic line 
SEructure Of the CCl (X71) absorption at 277.7 nm> in other 
words, this deviation from the Beer-Lambert Law occurs when 
the absorption band is marrow relative to the spectral 
St awidehilnesuchmcases, the absorbance, In (It/!l,), is no 
longer directly proportional to the concentration of the 


absorbing species: 


Tree /t.), eek (coh) 


The Beer-Lambert Coefficient y iS an empirically determined 
correction factor whose value is dependent on the type of 
absorption system. y = 1 for broad molecular peaks such as 


ethylene selenide and well resolved atomic lines. However, y 
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approaches 0.5 when the atomic lines are unresolved, such as 
in Se(4°P).** k is an empirical constant, incorporating the 
effect of variation of the absorptivity over the spectral 
band-width. 

The relationship between the absorption peak height, 


PH, and concentration, c, becomes: 


PH «ln (I,/It) 


Xx k(c.1)” 


D. DETERMINATION OF THE BEER-LAMBERT COEFFICIENT y 
The Beer-Lambert Coefficient y for this absorption 
System was determined by the Path Length Method, which can 


be accomplished as follows. 


1, Full Cell Length versus Half Cell Length 
BlashephnocolyStseOtademixCuresOrmO.sutoLr CHCIBr 2 in 50 
torr He was carried out, using a fixed set of time delays, 
with the reaction vessel fully exposed. It was then repeated 
using the same set of time delays, but wien a cardboard tube 
placed over half of the vessel, thereby reducing the path 


length 1 by two: 


PH(4-cell) ék(c.41)" 


, coo 64.3760. 86" he “3308 
' be 


eav notsoaen adg dai 


ouse of onier 
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BHC Bocelli mek (cal). 


x 2’. PH(}-cell) 


Therefore, the slope of a plot of PH(F-Cell) versus 
PH(4-Cell), for a given set of time delays, is 2”. Such a 
lOc SeCDOWNm Ine guLeel ia. 2, strom which “y= 0.46 + 0.73. 
The vertical lines accompanying the data points, also shown 
in all subsequent least square method plots, are the error 


bars for the root mean square deviations of the y entries. 


2. Variation of Cell Length 

The mixture was photolyzed here with various portions 
of the reaction cell covered up, thereby varying the path 
length l. The concentration of the absorbing species 


remained constant at a fixed time delay. 


PH = jae! 


In PH « [ln (k.c’) + y.1n 1] 


Thus a plot of ln PH versus 1n 1 at a fixed time delay gives 


a slope?'o£t® yi = 0% 57P45i0 S0Gh En quremia pt 


An average value of y = 0.51 + 0.1 was obtained from the 


above experiments. 
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FIGURE III.2 Peak Height of Full Cell Length 
versus Peak Height of Half Cell Length 


(CHCIBra, 0.3 torre He, s>0Ntoresmriash eneroy, 
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2900 kJ) 


LN (PEAK HEIGHT) 
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FIGURE III.3 Ln (Peak Height) versus Ln (Cell Length) 


(CHC1Br,, 0.3 torr He 7. 50etorr -mblashepnergy, 12000) kJ) 
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E. The CC1(X?II) DECAY 
1. Determination of the Background Decay Rate Constant, k' 
A first order CCl decay expression is: 


-d[ccl]J/dt KALCClL) 


ep Cela] -~k'.t + constant 


whnewe CG] = concentration\yof CCl 


t 


time delay 


k'= background decay rate constant of CCl 


In such a case, the absorption peak height is related to k' 


as: 


PH = [CC1]’ 


InePH ety intl CGl) 


=Vie tee CON Stat 


The linear proportionality observed between ln PH and time 
delay t (Figure 111.4). ton a mixtunesconsiot iig@or.setorr 
CHC1Br, in 50 torr He photolyzed with an energy of 2900 kJ, 


indeed indicates a first order decay process. This linear 
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relationship was still observed upon changing the pressures 
of CHC1Br, or He, or the flash energy, (vide infra). 

A mean value of yk'm = 8.0 + 0.4 msec”™' was obtained 
under the above conditions (455 measurements). k' is 
actually a pseudo-first order rate constant measuring the 
rate of disappearance of CCl in the absence of substrates. 
However, Since the photolysis lamp and reaction vessel were 
replaced several times during the course of this work, k' 
varies, due to these slight variations in the experimental 


conditions, from ~ 12 msec”' to as high as ~ 26 msec™'. 


2. Effects of Flash Energy, Pressure of CHC1Br, and Pressure 
of He on The Background Decay Rate Constant k' 

The flash energy was varied by changing the photo-lamp 
CapactLCmm OUtpUL, —§USiING wa Mixture consisting of 0.3 torr 
SHE EBro ine S0storn Hes the, CCl decay rate was found to 
increase linearly with the flash energy (Figure III.5), 
indicating that CCl was removed mainly by reactions with the 
Phetolytic = products.» Thus, eifou, each. flash,,,,uhe ,.energy. 
was kept constant at 2900 kJ, the maximum output for the 
pnoto-lamp capacitor, by charging the) capacitor itosZ0akv. 

However, the CCl decay was found to have a non-linear 
relationship with the pressure of CHC1Br,, the CCl _ parent 
compound (Figure III.6). Therefore, 0.3 torr CHC1Br.,, in 50 
torr He, was used for each run because k' was found to level 


~ 


oft to a constant: value oft 17 msec” ' at this pressure. 
Increasing the He pressure from 50 torr (ki = 


biGezere oy emsece )) to 500) torre(k = (17.4 +.0.8) msec-'), 
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in the presence of 0.3 torr CHC1Br,, had no significant 


effect on the decay rate of CCl. 


3. Determination of the Pseudo-First Order Decay Rate 
Constant in the Presence of Substrate, k" 
In the presence of a reactive substrate: 
aC hCG i Cima kul CCl ke COll TS] o—a kil CCl] 
where 
[S] = concentration of the substrate 
k, = second order rate constant for the reaction 
of CCl with the substrate 


k" = pseudo-first order decay rate constant = k' + k,[S] 


The above expression leads to: 
Levee oy Kee tte eCONS tant 

k" can thus be obtained from the slope of the plot of ln PH 
versus t, for a given amount of substrate. Those plots 
having correlation coefficients < 0.9 were rejected. For the 
alkynes, which were the first Substrates examined, eight 
measurements were carried out for a given pressure of 
Substrate. Subsequently equally good correlations were 
obtained for seven measurements at various time delays. In 
all cases the pressures of CHC1Br., and He were 0.3 and “50 
torr, respectively, but when the pressure of the substrate 
exceeded 50 torr, no He was added to the reaction mixture. 
The upper limit of the substrate pressure range was either 


the vapour pressure of the substrate at room temperature, 
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sucht as) in thercasegof, SigCl,,ueor®’ them extents, where.*the 
absorption signals became too weak for meaningful decay 


plots to be made, due to rapid consumption of CCl. 


Determination of the Second Order Rate Constant for the 
Reaction of CCl with Various Substrates, k, 

k, can be obtained from the slope (= yk,) of the plot 
of yk" versus [S], for a given substrate. The yk" values 
were given equal weights in the plots, since weighting the 
yk" entries according to their root mean square (rms) 
errors, obtained from the I1n PH versus t plots, does not 
necesSarily improve the correlation coefficients of the 
plots, as shown by a comparison between the results of the 
standard and the weighted plots for a few randomly selected 
Substrates (cf Appendix). Similarly, where the yk" values (= 
yk') were not measured at [S] = 0, no overall improvement in 
the correlation coefficients could be obtained by including 
the mean value yk'm, 8.0 + 0.4 msec-' (vide supra), into 
such plots (cf Appendix). As mentioned earlier, the vertical 
error bars in such plots indicate the rms deviations of yk". 
The pressure of a substrate was converted into concentration 


[S] using the Ideal Gas Equation, PV = nRT. 


Inorganic Substrates 
Hydrogen: 
The 1n PH versus t plots gave identical slopes in the 


pressure range 20.0 - 180.0 torr, indicating no measurable 
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reaction with hydrogen. The values of the slopes, or yk", 
are summarized in Table III.1. 

Ammonia: 

The plots of ln PH versus t for four different concen- 
trations of ammonia (pressure range 0.050 - 12.0 torr) are 
presented in Figure III.7. The plots are linear and the 
values of yk" are summarized in Table III.2. The data are 
somewhat scattered due to the tendency of ammonia to adsorb 
on the glass surfaces of the apparatus, as evidenced from 
the slow but gradual decrease in pressures indicated by the 
Baratron Pressure Meter. The slope of the plot of yk" versus 
Boncenerats One El gureslt io S)evieldedt ky, = (4.0 + 2.0) x 10° 
M~' s~'. A more reliable estimate was obtained as follows. 

The reactivity of a substrate can be roughly estimated 
by comparing the data for substrates in comparable pressure 
Ranges enOc anmonia, ykKo es el2 msec. aty l2atorm, but all the 
CCl signals were quenched when the pressure was increased to 
pm COD FO mmm sObUtane © (Kin = 904.5 4 0.4) ax sl10® M-* s-*); 
however, the CCl signals were weak but still discernible at 
86.5 torr, the maximum pressure used. Thus for ammonia, 
kee 45 xX 105 Motos * On the other Shand ionrlacerylenem x. 
= (3.5 + 0.4) x 10’ M™' s~'), the maximum pressure used was 
= 11 torr, at which yk" 9.2) msec sear omeent saweuce nemo. y 
that ammonia is less reactive than acetylene. Therefore, for 
ammonia, the estimated rate constanteice(4-+5ex 10°.9M-* s- *) 
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Alkyl Chlorides and Alkanes 


No measurable reaction was observed with methylchloride 
(Table III.3; pressure range 4.0 - 10.0 torr) and with 
propane (Table III.4; pressure range, 50 - 250 torr). 

Isobutane: 

In the case of jiSobutane, the enhancement in the values 
of the pseudo-first order decay rate constant k", with 
increaSing concentrations of the substrate, is apparent from 
the increase in the slopes of the I1n PH versus t_ plots 
(Figure III.9) Again, the plots indicate first order 
behaviour and the values of yk" as a function of concentra- 
tion, summarized in Table III.5 (pressure range 2.0 - 86.48 
torr), are plotted in Figure III.10, from the slope of which 


WemewoScecetermined tosbe (4.5. +,0.4) x 105 M4 s-'. 


Alkynes 


The alkynes examined were acetylene, acetylene-d.,, 
DEOpyne wei DUuLyne,, s2-butyne,. slopentyne, <2=pentyne, 33> 
Gdimethyl-1-butyne, 2,2,5,5-tetramethyl-3-hexyne and phenyl- 
acetylene. 

Acetylene: 

The plots of ln PH versus t, for four concentrations of 
acetylene, are presented in Figure III.11. The values of 
yk", obtained from the slopes of such plots, are summarized 
in. Table 111.6 pressure tangesU.o sn mU.GU0.torr),) and ki, 
Was, found tolbe, (3550 0. 4) exe eM eeot fromthe slope of 


the plot of yk" versus concentration (Figure III.12). 
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TABLE II1I.4 


yk" as a Function of Concentration for the Reaction 


with Propane 
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Acetylene-d,: 

Similarly, ln PH was plotted against t for various 
concentrations (Figure III.13). The values of yk" thus 
obtained are Summarized in Table III.7 (pressure range, 
0.140 - 2.857 torr) and plotted against concentration in 
Figure II11.14, from the slope of which k, was determined to 
Demo. (0 les )e X10 eMae Sm. The large uncertainty in the 
result can be ascribed to the small pressure range studied. 

Plots jof  ~1n -PH versus t for the remaining alkynes (as 
well as all the substrates studied in this work) were 
linear, and henceforth will be omitted for the sake of 
brevity. The values of yk" as a function of concentration 
eres J1SteG in Tables I1T1-8 - I11.12,4andgthe corresponding 
Procsepresented in Figures Iilsi5 -— lll .i4. from which the 
second order rate constants k, were obtained. These, 
together with the number of meaSurements and the _ pressure 


ranges studied, are summarized in Table III1.13. 


Silanes, Halogenated Silanes, Disilanes and Halogenated 


Disilanes 

Silanes: 

The silanes studied were silane, monomethylsilane, di- 
methylsilane, trimethylsilane, tetramethylsilane, silane-d,, 
monomethylsilane-d;, dimethylsilane-d,, trimethylsilane-d,, 
diethylsilane and triethylsilane. 

The values of yk" aS a function of concentration are 


presenteaein Tables Ti1:44 - 111.219, while the plots of yk" 
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versuS concentration are given in Figures III.18 - III.20. 

Halogenated Silanes: 

Trichlorosilane, dichlorosilane, methyldichlorosilane, 
dimethylchlorosilane, trimethylchlorosilane, methyltri- 
fluorosilane, dimethyldifluorosilane, trimethylfluorosilane 
were studied. 

The values of yk" as a function of concentration are 
presented in Tables II1I.20 - I11.25. No measurable reaction 
was obtained with trichlorosilane, trimethylchlorosilane and 
the methylfluorinated silanes. The plots of vie versus 
concentration for the other halogenated silanes are given in 
Erqures @iiis2 | andslii-.22., The data for dichlorosilane are 
quite scattered, probably due to the occurrence of side 
reactions. 

Disilanes and Halogenated Disilanes: 

Disilane, disilane-d,, hexamethyldisilane and hexa- 
chlorodisilane were studied. The values of yk" as a function 
of concentration are presented in Tables II1.26 and II1.27. 
No meaSurable reaction was obtained with hexachlorodisilane. 
The plots of yk" versus concentration for the other 
Gisilanes are given in Figure II11.23. 

The values of k, for silanes, halogenated silanes, 
disilanes and halogenated disilanes were determined from the 
slopes of the yk" versuS concentration plots and are 


summarizea in Tables ial Zoe ia 0. 
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yk" as a Function of Concentration for the Reaction 
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yk" as a Function of Concentration for the Reaction 
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FIGURE III.21 yk" versus Concentration for (A) Methyl 


Gichlorosilane (B) Dimethylchlorosilane 


oo 


(35eEnN\11 "Ae 17am 4 
a 90.67 a 


00.3) 00.3¢ Go. $7 7 32. Se : Oo. , mts __ eee 
. eamtey ae ie ee ee 
—— — ——— . = 2 ; x 
ie Pa , < ps 
7 4 : wa 
/ ; Lae ‘ s > : oe : 
—_- 9 is - ° 
7 h- 4 ee 


SH\HL SESSA SRBIIND 1A) 
i. 
i 


= t 
: ‘ 
—o | , —_——— : >] 
. 1 
a _ = 
a r~-t ‘ 
f y - 
laa 
f rad J/ 
¢ > t = 
} 
oe ed _ j] } 
a? 
os 
| 
4 


tet 


Pion, Se covk ANG 


25-00 30.00 


LAMSEC,) 
20.00 


15:00 


wane 


10.00 


en 
V eee ce Yee 


$.00 
O 
© 


60.00 160-00 240.00 (320-00 400.00 
CGNEGMLEREMGEARI | x LD 


correlation coefficient = 0.53 


FLGURE abl biu22ceyk% ,veRSUS Goncentration for EDichlorosilane 


2 ee 


op.nds 00.08 20.9% % oooet 00.68 
; ‘Sim ‘apsononaraxaneS 


wisest 
eee 


PABURM@ I ie2 6 


yk" as a Function of Concentration for the Reaction 


with Disilane and Disilane-d, 


Disilane 

Conc ke 

(micromolar) (1/msec) 
On 21 7.476025 
Viva Sey Sh ce Watt 
0.43 Tre Our Ot 4 
0.43 eae. t 20 6 3 
0.43 eth 22 AU 
0.642 yas) ae 865) 
0.643 Gm Ons 
1 Sy, US tess UA 
IGAON Siedis See begs) 
Lontees OF at Ue. S 
1 aA syl Sieh be (Uiats 
2.68 Las leet el 
2200 14.4 + 1.0 
3.48 ayer ee (8k 7 
3.49 fms es aS 
4.29 LO eee 


* With no substrate, yk" = yk' 


Disilane-d. 


Gone 
(micromolar) 


Om 588 


OSS 


Seeds e 


Pao Ot os 3c On.o 


yk" 
(1/msec) 
841 726025 
heh oa hts) 
Sheek ee Oh 
Stash as Wale 
atk ee Liars 
ae om Pale 2 
Dees GS Bes 
owas eae al Ale, 
BS SP Ga Ah 
Sah alee fag 1S) 
Li.4 +7 4°.0 
205 eres ol 

On! 


143 


r 


af. 18% SAGA? 


* 
jguzhennbd Io noitonu’S 6 86 Ar 
Sen eaaliela. catty | “ee 


saelie:d 


A I AO AT OEE 


om a Al Sait 


" 


ay —' te . Li 
(gsem\s) (selomotahimg 


- 6 


7 i, 


144 


TABOR biv27 


yk" as a Function of Concentration for the Reaction 


with Hexamethyldisilane and Hexachlorodisilane 
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FIGURE III.23 yk" versuS Concentration for (A) Disilane 
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Cyclic Compounds and Heterocyclic Compounds 


Cyclic Compounds: 

Cyclohexane, cyclopentane, cyclohexene, 1,3-cyclohexa- 
diene, 1,4-cyclohexadiene, benzene, toluene, chlorobenzene 
and fluorobenzene were studied. 

The values of yk" as a function of concentration are 
presented in Tables III.31 - II1.35. No meaSurable reaction 
was observed with cyclohexane and cyclopentane. Only seven 
measurements were made for cyclopentane at 26.52 torr due to 
insufficient amount of pure substrate. The plots of yk" 
versus concentration for the remaining cyclic compounds are 
given in Figures III.24 and II1.25. 

Heterocyclic Compounds: 

Thiacyclohexane, tetrahydrothiophene, pyrrolidine, 
tetrahydrofuran, thiophene, pyrrole, 1-methylpyrrole and 
pyridine were examined. 

Pyrrolidine, like ammonia, exhibited a great affinity 
towards glass surfaces and no determination of yk" was made 
for this substrate, since the CCl signals were quenched 
completely at a substrate pressure of only one torr. A 
compart son with sil are mk y= (4958 et 0-5) aX 0M eee Sele) rat 
which the signals were very weak at the maximum pressure 
used, 0.806 torr, suggests thatyicor. pyrrolidine.) kk, 
BAD eX ml Oe Miety Sone, 

For the other heterocyclic compounds, the values of yk" 
as a function of concentration are presented in Tables 


III.36 - III.39, while the plots of yk" versus concentration 
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yk" as a Function of Concentration for the Reaction 


with Cyclopentane and Cyclohexane 
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TABLHe lL lio 2 


yk" as a Function of Concentration for the Reaction 


with Cyclohexene 
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PARLE ess 


yk" aS a Function of Concentration for the Reaction 


with 1,3-Cyclohexadiene and 1,4-Cyclohexadiene 
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TABLE III.34 


yk" as a Function of Concentration for the Reaction 


with Benzene and Toluene 
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yk" as a Function of Concentration for the Reaction 


with Chlorobenzene and Fluorobenzene 


Chlorobenzene 

Conc yk" 
(micromolar) (1/msec) 
3.86 chats as (Ae) 
3.86 eG Ga (Oats 
OP 2 ete aca 
POs S dale ters 4 
26.88 Ose AE ee ORS) 
ZO.00 14.4 + 0.8 
40.32 bey be BEAD) 
40.33 eS ieee, Ike 
54.651 ii Cha Gen aah 
54.724 Betis) baa 
Gu 128 Ue ks FA ge) 
87.496 dette ee D 
Si772525 Gye tee 
EOg 2 6 22), Osteo 
DOT L235 16. Gute es 


154 


Fluorobenzene 
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(A) CHCLBR2/CYCLOHEXENE/HE 
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FIGURE II11.24 yk" versuS Concentration for (A) Cyclohexene 


(B) 1,3-Cyclohexadiene (C) 1,4-Cyclohexadiene 
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FIGURE III.25 yk" versuS Concentration for (A) Benzene 


(B) Toluene (C) Chlorobenzene (D) Fluorobenzene 
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TABLE III.36 


yk" as a Function of Concentration for the Reaction 


with Tetrahydrothiophene and Tetrahydrofuran 
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PAS GErel Wo 


yk" as a Function of Concentration for the Reaction 


with Thiacyclohexane and Pyridine 
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yk" as a Function of Concentration for the Reaction 


with Thiophene and Furan 
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TABLEMIIC.89 


yk" as a Function of Concentration for the Reaction 


with Pyrrole and 1-Methylpyrrole 
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are given in Figures III.26 and III.27. 

The second order rate constants k, determined from the 
Slopes of the yk" versus concentration plots for the cyclic 
and heterocyclic compounds are summarized in Tables II1.40 


and II1I.41 respectively. 
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FIGURE III.26 yk" versuS Concentration for (A) Tetrahydro- 
thiophene (B) Tetrahydrofuran (C) Thiacyclohexane (D) 
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FIGURE III.27 yk" versuS Concentration for (A) Thiophene 


(B) Furan (C) Pyrrole (D) 1-Methylpyrrole 
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IV. DISCUSSION 


A. GENERATION OF CC1(X?I) 

Simons and Yarwood?'»?? have proposed a general scheme 
for the production of carbynes from the flash photolysis of 
halomethanes. Accordingly, the irradiation of dibromochloro- 
methane, CHC1Br,, the CCl parent compound used for this 
study, in the absorption continuum from 200 to 240 nm 
produces a vibrationally excited bromochloromethyl radical 
following cleavage of the weakest C-Br bond. If the excess 
energy in the excited radical exceeds the minimum value, E”, 
required for unimolecular decomposition, CBr and CCl will be 


generated: 


CHC1Br, + hy ——~> CHCI1Brt + Br 


CEACtR ese) cc lmeeHBr 


a AH Ae acl 


E<—E* ——~» CHCI1Br 


This mechanism is_ substantiated by the following observa- 


tions: 
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— photolysis of CHC1Br, in excess 0, produced an _ intense 


BrO spectrum, but no ClO spectrum was detected. This is 
strongly indicative of C-Br bond breakage as being the 
sole primary process. 

on the basis of the endothermicities of the various uni- 
molecular decomposition reactions with respect to the 
irradiation energies, they concluded that a large 
proportion of the energy, in excess of that required to 
promote C-Br cleavage, iS concentrated in the vibra- 
tionally excited halomethyl radicals. 

the overall energy requirements for the proposed mechan- 
ism are consistent with the nature of the carbyne 
products observed. For example, CHC1Br, yielded both CCl 
and CBr (the overall energy required, E(tot), is > 102 
Keotlmmol CesmmtOreCGlmnroduction ~s and) © 1068 kcal mole = 
fermeGBrenproduction) » BwhideisGCleBr.Siyieldedjonlyweci 
SECtOt) a= Mu oikcalemoleisytor GCG) product ionyvbutias1128 
kealpmolesé fondGBr i production): 

the alternative route for the production of HBr and HCl 
by hydrogen abstraction from the parent compound is not 
favored under conditions of high light intensity and low 
concentration of the parent compound. Also, as mentioned 
before;zruno Btransitenter productwonegofe) Gl atoms was 
detected, based on the non-appearance of ClO spectrum in 


the photolysis of CHC1Br, in excess O,. 
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— the concentrations of CCl and CBr were found to be 
linearly proportional to the flash energies, thereby 
implying a one-photon process. 

—a linear relationship exists between the reciprocal 
concentration of CCl or CBr and the pressure of N,. This 
indicates that the unimolecular decomposition of the 
energized radicals, by analogy with the fluorescence of 
an excited species, follows a Stern-Volmer Law in compe- 
tition with collisional deactivation by a foreign gas. 
Furthermore, the slope, which reflects the mean lifetime 
of the energized radicals, increases as the wavelength 
of irradiation increases, indicating a decrease in the 


rate of decomposition due to less available energy. 


Since the proposed mechanism of Simons and Yarwood 
appears to be well substantiated, no further investigation 
concerning the production mechanism of CCl from CHCI1Br, was 
carried out for this work. It should be noted that the CCl 
Signals were weak but still discernible in the presence of 
250 torr propane, suggesting the possibility that other 
channels, such as secondary photolysis of CHC1Br to generate 
CCl, may occur. Even so, secondary photolysis of CHC1Br must 
be relatively insignificant compared to unimolecular decom- 
position of the radical, since Simons and Yarwood observed a 
linear relationship between CCl concentration and flash 


energy, implying that the major mode of production of CCl is 
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a one-photon process. 


B. REACTION WITH INORGANIC COMPOUNDS AND SOME SATURATED 
COMPOUNDS 

Since only a few inorganic compounds, alkanes and one 
alkylchloride were examined, they will be discussed together 
here. The rate constants measured in this work, and those 
obtained by Tyerman*' and by Wampler and coworkers,*? along 
with comparable results on CBr,?* are Summarized in Table 
IV.1. For the sake of comparison, rough estimates for the 
upper limits of reactivity were carried out for hydrogen, 
methylchloride and propane, for all of which no reaction was 
detectable, as follows. 

No meaSurable reaction was observed with up to 180 torr 
hydrogen and 250 torr propane. Since, for jiSobutane (k, = 
CaS) 4 exe OS Moi tsa )eeethe iCClesesignals were almost 
completely quenched at 86.5 torr, the maximum pressure used, 
it can be concluded that for both hydrogen and propane, 
Kena eX 10S Mawes ale Similarly, Since the maximum 
pressures used for methylchloride and acetylene (k, = 
ise 5as 0.4) Xe 105 Mote See) maweresbothwlOstorry swe camenrte: 
thatek, < 6.10 -X| 107 (MS @ see for smerhyicnwkor.de, 

Tyerman*' reported very high rate constants for the 
reactions of CCl with hydrogen, methylchloride and propane, 
whereas, under Similar experimental conditions, no 


detectable reaction could be observed here. Since, however, 


_ 


ey a 


i 


sganoe%g nosotiq~anie s 


GHJOSMOS DimADZOU! ‘Tie WOLTDARA a. 
2 aMuOIMOD 
’ 


ng s . i L Tis) enntite 
a 


hernins exev ablbioidalyatog 


a < sn05 sj87 Sh) oH 
va Be nrayt yo Geax | 
et{uess elfdeteqmos | Ageae 
: 7 16a eds 207 
3. 4 can gpsinn} fT 
= tis nO 7 oo¢ shisz0olasinna a 
,eeoliot @4 ,sids?0s2s 
> izes: sidatsecsm OX 


1i2 .onecc "g t76d) 62 S$ bas  ascor Lae 
4 ee M.*Ot x (a. 0e8 2. 

2 jo bsdoneup plasmas 22 

ait Sebulonos ‘od "69 3 


huds« a Sti — i<¢ ¥ mi Lis s 2 ea ‘oT * Ab ala 
el) Ta 
s ; | ‘ $fl> f ’ 2405 WA ak at? . a> I wh? oa 9! boad z29%ue od a 


)\ qeiei apo ow ,2103 Of dove gew Cora, 47M +t th (00a 
| ti. senor sa eo lt 


Te eT 


a 


= 


ee 


170 


2Ol se(60.4 8") sOkex e715 sO) X (PEO $367) Oly5-os; aueynqos: 


(sO x Gib 3) 


GOL Se Ef s sO & (L°O Be arn) UOL Vee Ou 8Hf5 auedoud 
(GZO Xe cms) 

TOP EX lOne eco} UOlL,Oeeu OU LOfHD aptuotyo 1 Ayzew 
LOL <= Gee 

Mole & Gps fuN eLuowwe 


(sOt x Gp 5) 


50m xX o> AO, $2 CY ze BY uoOL}Oeeu OU 6H UeBOupAY 
a ee Se a Se ee NL eee 
s 2SUa4uOMOD 26 SUB@XIOMOD 
pue zsneuis pue sveiduepm 1 eUBWUeAY 44YOM SLU} 
Sa grees coe ee en a eee Soe Si 
4qg9 Oy) 


ee eS ee SS LL 
Ges raw eet eyeurisqns 


spunodwo9g pazyeunyes 
SWwoS pue spunodwog StueBuouT uzIM (LIzX)4ad pue (IIzx)199 40 SUO}}9R8Y BY YOY |} S}LUe}PSUOD |jzeY 4apuQ Ppuocdes 


PaALS saa Vil 


eed? bre tbruogqad strag tot a tw ns 


1¥t FIsat 


487 ore UP XILID YS enehicee@ err sof |* #inervanod 
rhetomes? Haren ae 


——— ntl — _— —————— ae me ance acmnsemte tO Hee = 
‘ f ») i 
—— eS — ee ee ——— —————— 
“BO 
— — —— - — = —— ———— 
(ti peue we Ore Tei pete ‘vramrey! iqces wb 
* esa tncewoS ae ie? eee i 
_ a an A — > - A _ — — a — — 
‘or '> aoe =«x { ’ =} moro 
‘ a x 4 
6 
j 
ff 
y ’ a 
i r 
. 


BER 


Wampler and coworkers*’? and Strausz and coworkers?* have 
shown that CCl and CBr are relatively inert with respect to 
reactions with propane and hydrogen, it must be concluded 
that Tyerman's results are in error. 

mheslacksOlereacuivity of MCCl» with HH, is Hin sharp 
contrast to CH which rapidly inserts into hydrogen to form 
MNetnanerat aeLatcerer  tUue Mar MS ameter: 7 ® 

The result for propane indicates that the reactions of 
CCl with primary and secondary C-H bonds are relatively 
insignificant. Similarly, no reaction was observed with the 
Gar = GH eisystemertk,, Sesiexs--10 Ms s-'),7* demonstrating the 
inertness of primary C-H bonds towards CBr. Therefore, the 
observable reactions measured for CCl and CBr with isobutane 
can be construed aS a clear indication of interactions with 
the weaker tertiary C-H bond. In contrast, CH inserts into 
primary, secondary and tertiary C-H bonds indiscriminately 
at rates close to collision frequencies. 

The nature of the interaction of singlet carbenes with 
C-H bonds has been examined in a number of experimental and 
theoretical studies'’* and the results point to a concerted 
insertion mechanism which is stereospecific and involves a 


three-centre transition state: 


R R R 
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The alternative mechanism proposed involves abstraction of a 
hydrogen atom, followed by recombination of the radical 


intermediates: 


R R R 
N ‘ . 
By ome om CHeN Dae) Mee a + -CH, ——~> R-C-CH, 


R R R 


However, generally speaking, the concerted route and the 
abstraction route are viewed as the most likely for singlet 
and triplet carbenes, respectively. 

On the basis of spin multiplicity, ground state doublet 
methylidyne may be regarded as the analog of singlet methy- 
lene, and quartet methylidyne, as that of triplet methylene. 
Thus CH(X7II) was predicted to undergo concerted insertion 
into C-H bonds, and this has been proven to be so by many 
experiments. “7 227" ~CCOSEt “insertion ainto C-H bonds has 
also been observed but unlike CH, which inserts indiscrim- 
inately, CCO,Et shows a marked preference in the series 
beimaby < secondary < tertiary CoH bonds.-* CCl and CBr, son 
the other hand, react only extremely slowly, if at all, with 
primary and secondary C-H bonds, and the rate of reaction of 
CCl with tertiary C-H bonds is very slow. The reason for 
this is unclear, but it may be that electronic states and/or 
steric effects exert a crucial influence on the reactivity 
of carbynes, in the same way as carbenes are affected. Thus 


Singlet CH, inserts very rapidly into C-H bonds, showing a 
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Slight preference for tertiary C-H bonds. 

However, CCl, does not react with CH,, reacts very 
Slowly with secondary C-H bonds, and moderately fast with 
tertiary C-H bonds. This preference for tertiary C-H bonds 
and the rare examples of insertions of CCl, into allylic or 
benzylic C-H bonds leading to racemization at the asymmetric 
carbon centres can be explained by the abstraction - 


recombination process:’ 
x iN 
ea ot C615 a eR a mes a5 SCHES, hata he a SAGE Os (OS be, 


To rationalize the preference of substituted Singlet 
Ganbenes. /for-=*®tertiary) C-H,. bonds;iton,. the basis’ of ‘the 
concerted mechanism, Doering*®*® proposed a polarized tran- 


SuenonenStatee Which wouldefavor sbheeformation of carbonium 


ions: 
. 
-C----H <—~> -Ct H 
RM Te / 
C re 
R, R, 
where CRy denotes a substituted Singlet carbene. 


Analogously, for the carbyne reactions, CCl or CBr probably 
Stabilizes the anion more than CH, and this may contribute 
to the higher selectivity exhibited by the halocarbynes. 

CCl was observed to react with ammonia at ae rate of 


about three orders of magnitude slower than that of CH (k, = 
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US.o7+ 059) )xXpm0 ieee Mos 9 s-*)>7* The nature; of the reaction 
has not been studied, but it may be insertion, by analogy 
with the insertion reactions of carbenes into N-H, O-H, S-H 
and C-N bonds which possibly involve an initial electro- 
philic attack on the heteroatom.? 

Carbenes are also known to insert into C-Cl bonds. and 
on this basis, as well as from the above observations, one 
might expect CCl to react with the C-Cl bond of methyl- 


ehlorrcers tCH.Cl. eNO, observable reaction |}. (k¥4<. 345 x 10° 


M-' s~') was detected, however, in contrast to Tyerman's 
VauVemeOre Rime = G2. eet 40) dix F0* Mo’ S=' 9! Interestingly, 
Wampler and coworkers*? measured k, = 1.8 X 10% M~' s“' for 


the reaction of CCl with CCl,. Therefore, the upper limit of 
Rae oe Xe Oem eMe se estimated, for the reaction with 


methylchloride is not entirely unreasonable. 


C. REACTIONS WITH ALKYNES 

CCl closely resembles CBr and other electrophilic 
Species such as S(°P)*°°® and O(°P)°'~°* whose reactions with 
alkynes have been extensively studied (Table IV.2), in that 
the reactivity, in general, increases with the degree of 
alkyl substitution on the acetylenic bond. Branching of the 
alkyl chain results in a lower reactivity, as indicated by 
3,3-dimethyl-1-butyne being 50% less reactive than 1-butyne. 
Since the study on alkanes has shown that the reactions of 


CCl with primary and secondary C-H bonds are relatively 


— 
‘ ‘ fd ; Snod 
> 
, 
- « ‘az 
C 7 i~SsI76 
ets 


= | ia > 
OW ) ; 2it 
n ri 
J F 7o¢ 149 
4 . 5. *) va’ 
$ 4 4 7 — a . 4 
7 
= .= ‘ 
* ~~ . a as”, @ 
% Y 
~ 
~— 
~ " J Mo 
‘ 
' a o te ' 
‘ KX 
— — 
’ TOF 
t 4 V7 >, ~ 
a > ’ ? ’ il x Cc. 
UJ _ 
- . ° 
- ~ oo i, 3 — { 
~ 7 » t/ @ a7 & 


Yr , 
Liaigeot: | & Idmeess ylsreolo 199 
‘ e¢ 4 -) - és. — « 


tonet seottw **-'*(9*)0 Bae **°(9°)2 aea-noue \esioae 
) Woe 
vile 
i 


tidiw 2eesetont ,isienng ni .ylivisoses gaits 
yee ~s a ‘ 


— 
ni ,(8.¥t elidaeT) BeiSese vjevieneixze maed sven 2en 


——— 


. é 


UZ 


osSd844OMOD pue zsneuys 
96SU844OMOO pue uly 
s«4doubemM pue 4!ewsz,yudsuquayH 
vs4oubem puke Jslewszydauquay 
e6XOD pue uo Gul uuy 6s. S48%44OMOD puke uly (q 

z69!NH Ppue UouuaH .,48Ud8q pue } 1eusog (e 


vO'O + 1Z°O c00°O + 020'O 94-auAjNgG-Z 


refAtN pue {YN (4 
9 zSd8%44OMOD puke zSneuiS (a 
1aUewusA, (p 


A4OM SLYL (9 


a el el 
Dor nee 


Le Ome Cav 3ua | A,aoe | Auayd 

eaUuAxKey-¢ 

S35) -FaL-6 EL O£tS9 7h - [Ayzyewe4zazy-G'g*z*z 

SO. 7° Ee euAynq-}- AYyyewLp-E‘_e 

€ + 8t € + 0% b + GS audAjuad-z 

(4 90°O # 6P'O 80 ¥ O'E EeOLe fay eudjused-|4 

& + Ot (p62 G ¥ 2 & F 8h audynqg-Z 

G04 6.76 act beh RS 9 GO 176 audynq-} 

2 a (pet ta! € 

c'O ¥ Bb qvs'o SeOn+ecat Cu OME Cine (qO6 # 08z euAdoud 

€0°O F E2‘0 (y 640°0 LVO-=O-% acLO 70 ELO“ OR —LEO7O ‘p-aua|Ayeoe 
: (6 ¥60°0 (p!O°O F 1L'O (qe ¥* OE1 

GO°O F E2°O (j 640°0 400°O ¥ 4180°0 vOO'O * SEO'O 6 * GP eue|Aje0e 


(fdas (de )O (9 499 (9 $99 HO 
(1-S:i-W)6-Ol x '» e}eusqns 


SOUAMLY UItM (de)S PUG (de}O “(II:X)199 “(IeX)ugd JO suoyjOeey at) YO} ‘4 S}UBSUOD @}ey YapUQ PUODaS 


C°AI J1a8Vi 


{ 


‘ ' - (euevyryy iT} ~ 
eanvalaA atiw (9° )2 Boe (95 yw. >, 
i. 
— —————— en = ——— 
ei es’ “wy ° 
——— = : 
Liggete i@* io } 
ite -_ —— 4 ——— - —— _— 
n a ti ern oO » rao 
4) > . 
orn) .9 
‘ ‘ ' 
ro .o . / ; 
; ( . 
t : it - 
flo Bt 
s oo? 
*¢ +* 2 4 
r 


Sie ‘pyeaT all ; : 


1389 


$ 


- 
cm 


f Ih 7 q 
40% ,4 etnmperod efak seb40 


3o enol ree" ert? 
_ 
ay 
—+——— 
™ 420 + 
Paes 5 te 
800.0 'F £59 . 188 
2 va oe? 
. tl. 
oc i] 
* 4 
¢ > = Tey 
He 
° 
‘& 
; ' 
‘ 


176 


insignificant, the rate constantsS measured and the trend 
observed here thus refer to the interaction of the carbyne 
with the acetylenic bonds. The increase in the reactivity of 
CCl with increasing alkyl substitution therefore reflects 
the electrophilic nature of the interaction, and can be 
ascribed to the increase in the wr electron density of the 
triple bonds. 

The rate constant for propyne is in good agreement with 
the value reported by Tyerman,*' while his value for acety- 
lene is three times higher than the current measurement. CCl 
is less reactive towards the simple alkynes than its close 
Gatbynes analog. CBr,2%  ~but the difference gradually 
diminishes with increasing complexity of the alkynes and 
even appears to be reversed with the pentynes. 

Rate parameters for the reaction of CH with acetylene, 
BemoutedebyeboShatiwandsrernen s&s (ki eg=) (4. 54+ 0.9) ex. 101° 
Meco mean meL Oe eandaconorkercZoa(k aati 304 0.2) x 41003 
M~' s°'), and with propyne, reported by Lin and coworkers’? 
eppmeee co Oe 059) Xe Of8aM 3) See )eeeshow that CH,is about two 
to three orders of magnitude more reactive than CCl and 
CBr. This 1S not unexpected, since the back - donation of 
electrons from the halogens to the carbon atom would 
diminish the electron deficiency of the carbon 7 orbitals, 
and, consequently, lower the electrophilicity of the halo- 
carbynes. This phenomenon could also be responsible for the 
lower reactivity “Of SCClyeeconparcds sto. CBr «towards: the 


smaller alkynes, due to a greater degree of overlap between 
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ENG = DreeOrDltavcemoremc = and Cli as! compared to C and Br, 
resulting in a higher degree of back donation of electrons 
and lower electrophilicity. However, the reason for the 
trend reversal with the pentynes is, at this point, still 
unclear, even though it is difficult to decide whether CCl 
is definitely more reactive than CBr towards the pentynes, 
given the limitations of the error of the meaSurements. 
Furthermore, accompanying the lower reactivity is a manifes- 
tation of a greater selectivity towards the substrates: 
propyne is only three times more reactive than acetylene 
towards CH, according to Lin's values, but 59 times more 
reactive with CBr and 63 times with CCl. 

Additional evidence for the electrophilic nature of 
these reactions is revealed in the linear corelation between 
Poomek m@andeether i0iizatron —potential of thewsubstrates, a 
relationship which was also found earlier for CBr’?* (Figure 
IV.1). The ionization potential measures the energy required 
for the removal of electron from the highest occupied 
OEUlra wEOrerthe:, Molecule which sine <thrs ‘case is in the 
acetylenic bond, and therefore can be correlated with the 
activation energy of the reaction. Therefore, since the 
reaction rate constant k, is related to the activation 


energy Ea by the following expressions: 
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LOG ky 


9 10 1] 
IONIZATION POTENTIAL (eV) 


FIGURE IV.1 Log k, versus Ionization Potential for CC1(X?Il) 
(open symbols) and CBr(X?II) (closed symbols) Reactions with 
Acetylenes. 4 HC=CH> 3-8 DC=CD =) 0g = 6608] = = Ge: 
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a linear relationship between log k, and ionization poten- 
tial implies essentially constant A-factors for the 
reactions. Similar linear correlations were shown to exist 
in the reactions of S(°P) atoms with simple alkynes’® and 
alkenes,’’ and for those few cases with the alkynes where 
Slight deviations from linearity were noted, the A-factors 
were shown to be smaller. 

Some deviations from linearity were also observed for 
the reactions of CBr with alkenes,** while the correlations 
for the reactions of CCl or S(*P) with alkenes are linear.?* 
Thus for the substrates examined, CBr exhibited an obvious 
Curvature in the log k, versus ionization potential plot,?’* 
Gue to the lower than expected reactivities of t-2-butene 
and tetramethylethylene. This was ascribed to the large size 
a CBr, which renders it more susceptible to steric 
hindrance created by the alkyl groups, thus limiting the 
access of the carbyne to the unsaturated bonds under attack. 
This appears to be the major factor in cauSing smaller 
A-factor values for the highly alkyl substituted substrates. 

Therefore, by analogy, in the reactions of CCl or CBr 
with alkynes, the lower reactivities of those substrates 
having branched substituents, which are clearly displayed as 
negative deviations from the linearity of the log k, versus 
ionization potential plots, can be ascribed to steric inter- 
ference. This iS most severe with 2,2,5,5-tetramethyl- 
3-hexyne, which possesses an additional t-butyl substituent 


as compared to 3,3-dimethyl-1-butyne. 
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On the other hand, phenylacetylene displayed a positive 
deviation from linearity. Since CBr has been shown to. react 
Wroh obenzenemeckmersal(2ecat 0.2 )exs 102) Mat..s-3);*4;:;CCl is 
expected to behave likewise. This, together with the 
electron - releaSing property of the benzene ring towards 
the triple bonds, may account for the higher’ reactivity 
observed with phenylacetylene. 

The reactivity trend observed for the reactions of the 
electrophilic species CCl, CBr, O(?P) and S(°P) atoms with 
alkynes is very similar to that found with the alkenes, in 
that the reactivity of the substrates increases with the 
degree of alkyl substitution but decreases with halogen 
Substitution. The results of Tyerman*®' on the reactions of 
CCl with haloethylenes are anomalous because they do not 
reflect the electrophilic nature of CCl as revealed by the 
other investigations; thus remeasSurements of his rate 
constant values would be highly desirable. In general, 
alkynes appear to be somewhat less reactive than alkenes. 
This is most pronounced in acetylene, which is, for example, 
about 100 times less reactive than ethylene towards CCl. 
Consequently, a greater selectivity was observed for the 
reactions of CCl with the alkynes: the increase in _  reac- 
tivity from the least reactive acetylene to the most 
reactive, 2-pentyne, in the alkyne series studied here, is 
about 100-fold, as compared to an increase of 50-fold from 
the least reactive ethylene to the most reactive jsobutene 


in the alkene series studied by Tyerman. 
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The addition reactions of O(°?P) and S(?P) atoms with 
alkenes and alkynes have been thoroughly investigated, both 
from the experimental and theoretical points of view. It 
would be constructive at this point to summarize briefly the 
Salient features of these reactions. 

The primary adducts formed in the reactions of O(?P)?°® 
and S(?P)°* with alkenes are triplet biradicals, re and 
triplet thiiranes, eee. respectively; with alkynes, theo- 
retical and experimental results point to the intermediacy 
of the triplet carbenes aie and aay 

In general, theoretical calculations on the reaction 
paths for the additions of divalent species to unsaturated 
bonds concordantly predict an asymmetrical approach towards 
the bond under attack. Thus the primary step of the reaction 
of O(?P) with alkyne appears to involve the formation of 
vibrationally excited ketocarbenes, which can undergo 
1,2 hydrogen shift to form unsaturated ketones, or rearrange 
to form ketenes. The ketene could further undergo fragmen- 


tation to produce CO and alkenes; for example :'°° 


O 


| 
O(?P) + CH,;C=CCH, ——~ CH,-C-C-CH,(T,)T 


O O 
“itl +M ll 
CH,-C-C-CH,(T,)* -————~ CH,-C-C-CH,;(T,) 


O 
I 
CHe =CH-C-CH 3 
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aS Ey OT (CH, ) > C=C=0(T, ) 


(CH,),C=C=0(T,) ————> co + (CH,).C¢C 


jews CH;CH=CH, 


where f denotes a vibrationally excited species. Avery and 
Heath'°®' proposed that the methyl vinyl ketone is formed Via 


a carbene - enol - ketone rearrangement: 


O OH 
ral pe | 
Gib -C_ Cees. ea GH =C-C—CH, 


OH OH 
bok | 
CH,=C-C-CH,; ——» CH,=C=C-CH, + 


OH O 


| 
CH, =C=C-CH,t —————_- CHS =CH-C-CH,Tf 


However, the intervention of the enol has not been proven 
experimentally. 

Furthermore, the rate constantS meaSured for the 
reactions of O(?P) with selected alkynes (Table IV.2) 
indicate that except for acetylene, O(?P) is three to ten 
times less reactive than CCl. The increase in reaction rate 
with increasing alkylation of the alkyne reveals the 


electrophilic nature of the O(°P) atom. 
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On the other hand, the reactions of S(°P) with alkynes 
are much more complicated due to the high reactivities of 
the primary S + alkyne adducts. On the basis of spin conser- 
Vation rules and = molecular **orbital@icalculations, 11%? 1°? 
S(°P) reacts analogously to O(°P) with alkynes to form 
ground state triplet thioketocarbene as the primary adduct, 
which subsequently leads to a variety of products, including 
thiophene products which are common to all S + alkyne 


reactions. ** 


S 
| 
S(?P) + RC=CR' —— > R-C-C-R'(T,) 


S 


pel 
ReCc@— Gl) iia ED LOCUCLS 


The rate constants for the alkyne reactions indicate that 
except for acetylene, with which $(?P) is ~ ten times more 
reactive than CCl, the reactivities of S(*P) and CCl are of 
the same order of magnitude, with CCl perhaps being slightly 
more reactive. 

At. this point its 1SseIncerestingmsLoupoinimcucer na: 
unlike O(?P) and | Si? P)Siatomns OGD mands (1D) aa cons 
probably react with alkynes to form the corresponding cyclic 
antiaromatic adducts oxirenes and thiirenes. Unfortunately 
rate constant measurements for these reactions have not been 


reported in literature. 


tom dowd S16 


. 
Lay 
+ 
: 

is 


amtets ‘dia + 2 gysmliq eaz 
— 
pale ; raluyx 10 £ABY 


: 


(a*)2 


‘? 
J 
tent 


inne Ae ist szese Savete 


‘ 
— 
> {< re 
ag 
/ 2 
a | 
(,T) 'H-3-O-# 


707-23naseanoo 9t61~SaT 


Ak ce ll nl > gw? (4; s139.v72a06 793 Iq39048 


() es 


» 1. 
jieid evidosek 


2ia3 . aA 4 
- me! 
z' }O od 


7 
a 2.7) 4 
fAty 


2ntca’ 


184 


Singlet methylenes'’»? undergo concerted cycloaddition 
reactions with alkenes and alkynes to form cyclopropanes and 
cyclopropenes, respectively, and relative rate studies on 
different substrates have also indicated the electrophilic 
nature of carbenes. By analogy, CCl*' and CBr’?* were postu- 
lated to undergo cycloaddition reactions with alkenes to 
form cyclopropyl radicals, which can undergo hydrogen 
abstractions, combine with other radicals, R, or rearrange 


to allyl radicals: 


In the liquid - phase study of the reactions of CCO,Et with 
alkenes, the corresponding cyclopropyl adducts have been 
detected.*' In their studies of S(°P) reactions with alkenes 
and alkynes, Strausz and scoworkers2°:'°s) found, that. the 
activation energies are higher for the alkynes than for the 
alkenes, and proposed that this may be related to the 
ionization potential differences of the substrates.'°*® On 
the other hand, the A-factors were also found to be higher 


for the alkynes. Owen et a].'°’ observed the same trend in 
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the reactions of CF, radicals with alkynes, and attributed 
this to the gain in entropy in going from a linear acety- 
lenic molecule to a non-linear activated complex. Thus the 
higher A-factors observed for the S(?P) + alkyne reactions 
may partially compensate for the higher activation energies, 
but this probably would not be sufficient to render’ them 
more reactive than the alkenes. 

It is likely that the Arrhenius parameters for the 
CCl + alkyne reactions follow the same trend; and it is 
equally possible to rationalize the lower reactivities of 
the alkynes, as compared to the alkenes, on the basis of a 
cycloaddition mechanism. Ab initio molecular orbital calcu- 
lations on the reaction of CH with acetylene'°®*® predicted an 


asymmetric, concerted mechanism, with zero activation 


energy, to form a vibrationally excited cyclopropenyl 
radical, 
H 
AS 
aes * 


and CCO,Et was shown to add stereoselectively to alkenyl 
bonds to form cyclopropyl radicals; therefore, there is no 
reason why halocarbynes should behave differently, it is 
thus probable that CCl undergoes cycloaddition reactions 
with alkynes to form the corresponding cyclopropenyl 


radicals, which may undergo hydrogen abstractions, combine 
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with other radicals, R', or rearrange to allenyl radicals: 


-R' 
R-C=C-R + C-K ———> R-C==C-R ——> R-C=C-R 
Nee \ 
C: C 
| LS 
X XeeeR: 


Unfortunately, no product analysis has been performed to 
Substantiate the above proposal. Doering and Henderson'°® 
suggested that the transition state for the cycloaddition of 
Cemmormeor- = tOlanealkene, sin) liquid = solution, ‘could be 


represented by: 


where X = Cl or Br. By analogy, a somewhat similar polar 
structure can be envisioned for the transition state for the 
cycloaddition of CCl to an alkene or perhaps an alkyne; the 
lower reactivity of the alkyne would then be due to the fact 
that the carbocation formed from the alkyne is less stable 
than that formed from the alkene, because it cannot attain 


the sp? hybrid orbital configuration, which is generally 
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regarded as the most stable configuration for a carbocation. 

No secondary isotope effect was observed for the 
CCl + acetylene system; as with the CBr, S(*?P) and 0(*P) 
reactions, kH/kp is equal to unity within experimental 
error, indicating that the new vibrational frequencies 
created in going from acetylene to the activated complex are 
not sensitive to deuterium substitution and therefore do not 


generate an isotope effect. 


D. REACTION WITH SILANES 

Studies on the CCl + alkane reactions have revealed 
that, unlike CH which inserts into primary, secondary, and 
tertiary C-H bonds indiscriminately with rates close to 
collision frequencies, CCl, on the other hand, is much more 
selective. It does not react with primary or secondary C-H 
bonds, but perhaps undergoes a slow insertion (k, = 
(imoete On 4 eXel 0 °eeMeteeSigy, intoanthe tentiaryaC-Hkbondtof 
isobutane. The reactions of CCl with some silanes were 
examined, because it was felt that the weaker Si-H bond may 
be more amenable than the C-H bond to attack by the halo- 
carbyne. Thus, Since SiH,('A,), which does not react with 
G>H» bonds). inserts: intogSisHebondsaveryurapidiy, As £CCinemay 
behave likewise. The valence electronic structures of 
Si(3s?3p?) and C(2s?2p*) are similar, however Si may utilize 


the 3d orbitals for bonding. Thus Si can be pentacoordinate, 
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thereby providing reaction pathways distinctly different 
from carbon systems. 

Previous to this study, no other work on carbyne 
reactions with silane had been reported in literature. 
Therefore, for the sake of comparison, the rate constants 
measured for CCl are presented in Table VI.3, along with 
Gata for other well studied radical species such as 
See eee ee CH AGaAge) to © CHATS and H.'s 

The most prominent feature of the results presented in 
Table VI.3 is that, in general, CCl reactions with silanes 
are quite rapid, and in the case of disilane, the reaction 
is 1/40 that of the collision frequency*' Comparatively, 
they are of the same order of magnitude as those for 
SoH A andicH w('A, ys Slightly faster than H, and up to 
S1x orders of magnitude more rapid than CH, reactions. Since 
Bericeknowne that | Doth esinglet. SiH> and CH, react with 
Silanes mainly by insertion into Si-H bonds, while H and CH, 
undergo hydrogen abstraction, it can be concluded that the 
reaction of CCl with silane is mainly Si-H bond insertion. 

It is not Surprising to find no measurable reaction 
with tetramethylsilane, because the C-H bonds are non - 
reactive towards CCl. However, provided steric hindrance 


created by the methyl groups was not the deciding factor in 


*1 collision frequencies at 25°C were calculated to be 
2256; XE10 11) (Si, ys soe eee eG eee (Xe 
(MeSiHE) 7 12).59 X10 0s Mer SiH) 2a ex e107 watMer,S53H) in 
M>'.s"* units, 0(€CH) j= 64 065eA7 Ge OSE He) a= 6.50 <A, 
o(SiH,) = 5.04 A, o(MeSiH,) = 5.80 A, o(Me,SiH,) = 6.54 A, 
o(Me,SiH) =! 7322 A. 
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causing this lack of reaction, the result may have another 
implication, in that the Si-C bonds are inert as well. If 
this is the case, CCl closely resembles SiH.,('A,), which 
does not react with either C-H or Si-C bonds, but readily 
msertsceintorsi—-Heponds...on the others hand,. CH; (*A,)., like 
CCl and SiH,('A,), readily inserts into Si-H bonds and does 
not react with Si-C bonds, but does react with tetramethyl- 
Silane by inserting into the primary C-H bonds. 

The effects of alkyl substitution in the silanes on the 
rates of the CCl reaction do not follow those observed for 
SiH,('A,) and CH,('A,). For example, with increasing 
alkylation of silane, an increase in reaction rate was 
observed for CCl, yet SiH.('A,) does not display any parti- 
cular trend, while a decrease in rate was observed with 
CH AGH) « 

Perhaps a more meaningful comparison of the _ rate 
constants is one carried out on the basis of rates per Si-H 
bond (Table IV.4). CCl and SiH, react with the alkylated 
monosilanes primarily by insertion into Si-H bonds. However, 
CH,('A,) also inserts into C-H bonds at rates seven to nine 
times slower than insertion into the Si-H bonds of the same 
substrate. Therefore, the rates of reaction of CH,('A,) with 
Silanes on the basis of per Si-H bond insertion, listed in 
Table IV.4, were determined by converting the C-H bonds into 
the equivalent number of Si-H bonds using the known values 


for the relative rates of C-H and Si-H bond insertion. 
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TABLE IV.4 


Second Order Rate Constants k,, per Si-H bond, for the 


DIGehC OnmOtmCGHCUA al rmeo THe G Aa sand CH A,)- into Silanes 


Substrate Kemet Der sian bond) X,107°(M 15>") 
ee Si Hoe GH as 

SiH Greate 0.14 

MeSiH, Walew! 2a1.5 Zo 

Me,SiH, 1.4 WN a BiG 

Me,SiH 200 4.46 Saks 

©i 5H. heel O66 

Sa.D; 0.06 

MeSiD, USS 

Me.SiD, O39 

Me,S1D 2100 

SDs Ore 3 


a) This work. 
Dbreburiiel rand coworkersa. 1) 


c) Per Si-H bond values calculated from the data given in 
Table IV.3 and the relative rates of CH,('A,) insertion 
into C-H and Si-H bonds* 39% *: SiH/CH = 8.9 for MeSit,, 6.9 
for Me,SiH, and 7.1 for Me;SiH. Hence the equivalent number 
Of" Si-H bonds ~ aves) PoreMeSinnw 0304s Xml See 3.348 bor 
Me,SiH,, 2.:+. 6x 1/6-9=22 69-3 forsMe.Sth went ote 0 aXoMt 7 ie 
Far ed 
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In this case, better correlations between reactivity 
and structure of the substrate can be found for all these 
species, in that the reaction rate obviously increases with 
the degree of alkylation of the silane. However, the value 
for the SiH, + MeSiH,; reaction reported by Purnell and 
coworkers does not appear to follow the general pattern and 
its redetermination may be desirable. The reactivity of the 
Si-H bond is, therefore, in the order, tertiary > secon- 
dary > primary. A comparison of the rate constants for 
trimethylsilane (k, = CZte bie renO a 2.)a Xan) Oe Mears.) and 
PoObutenemeGk ae= nts. 5 +40. 4) Xs10° Mo's") indicates that 
for CCl, there is a tremendous preference for the tertiary 
Si-H bond over the tertiary C-H bond. Although CH,('A,) also 
shows some selectivity, aS mentioned before, the insertion 
bateecatio Si-H/C-H observed,  /-9. iS much™smaller’ 

Upon deuteration of the silanes, a primary isotope 
effect was observed, the magnitude of which is dependent on 
the reactivity of the Si-H bond (Table IV.5). The effect is 
negligible in thesscase = Ole tertiary Si-H, bonds. but 
increases, aS reactivity decreases, to a factor of 1.9 with 
the Si-H bond of monosilane. Comparatively, the isotope 
effect is smaller, 1.15, for CH,('A,) inSertion into primary 
Si-H -bonds, sand. (larqeryas aja2 eel Ot em Nem hea DStELaGci on 
reaction with monomethylsilane. 

An examination of the results with the halomethyl- 
Silanes shows that progressive replacement of the methyl 


groups of trimethylsilane with chlorine atoms results ina 
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Isotope Effects for the Reactions of CC1(X7I) with Silanes 


Substrate 

Xx 
Me ,SixX 226 
Me.Six, 2n0 
MeSix, eas, 


Sixs 0.48 
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0.04 1.7 
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Systematic reduction in the rate constant for reaction with 
CCl. Each successive replacement leads to an order of magni- 
tude decrease in the rate constant, so that the rate of 
reaction with trichlorosilane is at least two orders of 
magnitude slower than the rate of reaction with trimethyl- 
Silane. For the sake of comparison, the upper limit of the 
reactivity of trichlorosilane was estimated as follows. 

No reaction was detected with up to nine torr 
Emachloros:laneseSince, for-acetylene! (k{ot= €(355 +70.4) x 
TOumeM Ces 2 )Peethe® CEl® signals®\werey almost«Gcompletely 


~ 


quenched at ten torr, the maximum substrate pressure used, 
Peecan bevsestimated that for™trichilorosilane? k4e< B95°x910? 
Meise 

The lack of reaction with methyltrifluorosilane and di- 
methyldifluorosilane supports earlier observations that 
reactions with primary C-H bonds are insignificant, and 
furthermore confirms the inertness of the Si-C bond towards 
CCl, because the methyl groups here should impose less 
hindrance than the four methyl groups in tetramethylsilane 
to the accessibility of the Si-C bond, and hence should not 
be responsible for the non-reaction with the substrates. 
However, variation of the Si-C bond strength with the 
Substituents on either side should not be ignored.''*® Even 
so, the observation that the reactivity of the methylsilanes 
follows the same order as that of the Si-H bond parameters 
(vide infra) is a good indication that reaction with the 


Si-Cybond, if at al l= operative 1s relatively “insignificant 
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compared to insertion into the Si-H bond. 

If the hydrogen atom of trimethylsilane is replaced by 
a chlorine or fluorine atom, no measurable reaction can be 
detected between CCl and trimethylchlorosilane or tri- 
methylfluorosilane. This is not too surprising, since the 
results with CH;Cl have indicated that reaction of CCl with 
PneenG-C LashoOndwaice rather insignificant Ck Sas e5 Xm g 
M~' s”~'). Moreover, Si-halide bonds are even more ionic than 
the corresponding C-halide bonds, a factor which will no 
doubt contribute to the low reactivity of silicon halides 
towards electrophilic reagents. The higher electro- 
negativities of F and Cl atoms would confer a high partially 
positive charge on Si, causing a stabilization of the 3d 
orbitals of Si, which can thus interact with the lone pairs 
of electrons of the halogens. This results in double-bond 
character and higher bond energies for the Si-F and Si-Cl 
bonds. Indeed, the results with the trimethylhalogenosilanes 
indicate that both Si-F and $i-Cl bonds are non-reactive 
towards CCl, whose reactions with the monosilanes can thus 
be restricted solely to inSertion into Si-H bonds. 

The order of reactivity established for the Si-H bonds, 
tertiary > secondary > primary, along with the observation 
that replacement of the methyl groups with chlorine atoms 
results in reduced rates of Si-H bond insertion, strongly 
DOINGS 4.60 sathempelecuranhi lich nauuressor the insertion 
reaction. The correlation between log k, and ionization 


potential’'’® of the substrates has already been recognized 
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as evidence of such behaviour. This relationship was found 
earlier for the reactions of CCl with alkynes, and is now 
observed here for silanes as well (Figure IV.2). The 
displacement of the graph for the ethylsilanes seems to 
indicate a different homologous Silane series. The 
ionization potentials for hydrogenated and deuterated 
Silanes were assumed to be identical, but in fact could 
differ by 0.1 - 0.2 eV; in that case it is possible that the 
two plots for methylated silanes would superimpose. The 
linearity of these plots indicates constant A-factors for 
the reactions, Suggesting that steric hindrance caused by 
the alkyl groups on the insertion reactions is insig- 
mcicant. 

Given our previous observations concerning the electro- 
philic nature of CCl, correlations between the rate of 
insertion and other molecular parameters of the Si-H bond 
would be expected. The Si-H bond stretching frequencies for 
a series of silanes with various degrees of methyl and 
chloro substitution have been discussed by Hollandsworth and 
spate ees who observed an increase in the _ stretching 
frequency of the Si-H bond when the methyl substituents are 
successively replaced by chlorine atoms. This correlates 
well with the observed decuease i nuireadC 3 vi yeerO ee L eames oH 
bond with decreasing alkyl substitution or increasing chloro 
substitution (Table IV.6). 

This variation in stretching frequencies can be 


predicted on the basis of the s and p character of the 
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(per Si-H bond ) 


LOG k, 


10 11 12 
IONIZATION POTENTIAL (eV) 


FIGURE IV.2 Log k, (per Si-H bond) versus Ionization 


Potential for the Reactions of CCl(X?7II) with Silanes 


, j 
/ 
‘ 
j . 

: 

} e ‘4 

; j 
j 
j 
4 ic 


(Ve) 


[AITHATON 


| 
| 


I oT 
WUOITATI WO! 


ae 
—T 
- 


(OQ B' [des 2-H POYd) 


TABLE IV.6 


Second Order Rate Constants k,, per Si-H Bond, and Si-H 
Bond Stretching Frequencies pv of Silanes 


Substrate k, (per Si-H bond) 
KOs" (Mots- =) 

SPE, Oe 

MeSiH; 0.85 

Me,SiH, 1.40 

Me,SiH 2.80 

Et;SiH 4.50 
Me,C1SiH 0539 
MeC1,SiH 0.029 
CY,Si <0'".03 


a) Meal and Wilson'?' 

b) Wilde'?? 

Gleebsworth Cleal a. 

d) Hollandsworth and Ring'?° 


e) Webster‘ ?+* 
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Silicon orbital bonded to the hydrogen in the Si-H bond. The 
above observations suggest that the bond strength increases 
correspondingly with increasing bond stretching frequency. 
Although there are large discrepancies in the values of the 
Si-H bond energies reported in literature, in general they 
do seem to decrease with increasing number of methyl groups 
on the silicon; for example, Austin and Lampe''* showed that 
the Si-H bond strength, in kcal mole™' units, decreases in 
the order, SiH,, 93; MeSiH;,, 90; Me,SiH,, 88; Me,SiH, 85. 

The trisubstituted silanes were investigated more 
closely in order to examine the relationship between reac- 
tivity and stretching frequency, under the constant environ- 
ment that all the substrates possess only one Si-H bond. The 
Uppere limitewas 1090 ky < 7.5 for Ci,SiHp;Lalthough no obser- 
vable reaction was detected. The plot of log k, versus Si-H 
bond stretching frequency (Figure IV.3) suggests a somewhat 
curved relationship, possibly due to the fact that the 
double bond character of the S$i-Cl bond would return 
electrons to the silicon, which acts aS an electron. sink, 
thereby reducing the negative inductive effect of replacing 
the methyl groups by the chlorine atoms in the_= silicon 
series. Furthermore, the above correlation also agrees with 
the amount of hydridic character of the Si-H bond (vide 
infra). 

Since C-H bonds are non-reactine towards CCl, the 
reaction observed with hexamethyldisilane is strongly 


indicative of reaction with the Si-Si bond. However, on the 
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FIGURE IV.3 Log k, versus Si-H Bond Stretching Frequency 


uSi-H for Trisubstituted Silanes 


202 


Basis Of the: lowes! -o1 bond™energy, —= 67 kcal mole’ 2 * 4 
much faster reaction would be anticipated. The rather’ low 
fave | Constan temODServed (2 oo st Oa) x 107? Me Eto -ive may 
therefore be caused by steric hindrance, created by the six 
methyl groups, which limits the availability of the Si-Si 
bond. However, it does not appear that the much larger rate 
Sonctant CG omit Ors me xe. 6) Ms 'S:' = for the reaction with 
disilane, Si,H,., 1S due to enhanced reactivity with the 
Si-Si bond because, aS will be shown below, the reactivity 
correlates well with the rate of Si-H bond insertion in 
monosilanes. Therefore, it can be concluded that the 
reaction of CCl with the Si-Si bond of disilane is slow and 
does not make a Significant contribution towards the overall 
reaction rate. 

Sefcik and Ring'?* observed that, on the basis of Si-H 
bond stretching frequencies, the hydridic character of the 
hydrogen atom attached to silicon increases with increasing 
methylation. This was confirmed by recent molecular orbital 
calculations performed by Perkins et al].,'?’ who obtained 
values for the negative charge density on the hydrogen of 
tne =eSi-H bond =ranging frome -0+0s=tO-@ “Oil ein Golngs mon 
SiH, to Me,SiH. The reactivity of the silanes towards CCl, 
compared on a per Si-H bond basis, thus follows the order of 


the hydridic character of the Si-H bond, 


Me;,;SiH > Me,SiH, > Si,H, > MeSiH, > SiH, 
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However, this trend was not observed in the study of the 
reactions of SiH,('A,) with silanes carried out by Sefcik 
and Ring,'?* who found that disilane is more reactive than 


dimethylsilane, 


Me sS 71H t= "Su. Hy = Me7zSiIHy/ > «<MeSIM, t=rSiny 


They attributed this anomaly to the occurrence of SiH,('A,) 
insertion into the Si-Si bond, the product of which is 
indistinguishable from that formed by Si-H bond insertion. 
For the CCl reaction, however, disilane follows the same 
order of reactivity as the order of hydridic character of 
the Si-H bond; this constitutes additional evidence to the 
effect that reaction with the S$i-Si bond must be relatively 
insignificant compared to insertion into the Si-H bond. 

When the methyl groups in hexamethyldisilane are 
replaced with chlorine atoms, no measurable reaction could 
be detected. This suggests that the reaction with the Si-Si 
bond is also electrophilic in nature, and that the low rate 
constant associated with the hexamethyldisilane reaction is 
solely due to an inefficient reaction with the Si-Si bond 
itself, rather than to steric hindrance created by the 
methyl groups, because this interference may be compensated 
by the positive inductive effect of the methyl substituents. 

The observation that the increaSing reactivity of the 
Silanes can be correlated with increasing hydridic character 


of the Si-H bond may shed some light on the mechanism of the 
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insertion reaction. Since the hydridic character of a Si-H 
bond reflects the negative charge density on the hvdrogen, a 
reasonable transition state would involve an electrophilic 
attack by CCl on the hydrogen, resulting in a hydride ion 
transfer with more or less simultaneous back donation of the 


lone pair of electrons on the carbon of the carbyne to _ the 


SuLriaonm, 
eal en el 
| | 
“C -C -CH 
Seis. 5- = Ry | 
—"S1—— H —> —Si----- H —~> —Sl1_ 
te a | 


The empty d orbitals of the silicon may take part in the 
back donation process during the formation of the transition 
state, and this may contribute to the relative ease of Si-H 
bond insertion compared to C-H bond insertion, since 
Silicon's capability of being pentacoordinate would doubt- 
less enhance the stability of the transition state. 
ThemeLeaGuyva Til eS ot eGC) (X21 )ieSiHs (tA. ). andsGH asa) 
with respect to silanes can be summarized as follows: 
ae HmeOONdS.s 
neither CCl. nor, Sites reactawi theaG—us wbOndS ,wawh) | Oemeus 
inserts readily. 
= S724 bongs 
all three species undergo insertion reactions with Si-H 
bonds; CH, shows a slight preference towards Si-H bonds 


over the corresponding C-H bonds (insertion rate ratio 
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79°) 

tor -ceDonas: 
CClI¥** Sin. ana CH, §’ are Mall non-reactive towards *Si-C 
bonds. 

fPSi-o1 ponds: 
SiH. Inserts =nctowsi- 51 *bonds, “* white ‘the’ reaction * tof 
CCl with the S$i-Si bond is relatively slow; no products 
attributable to Si-Si bond insertion could be obtained 
me the Che teMe csr oe esyscem, =" the vonly study fom ‘the 


reaction of CH, with disilane reported in literature. 


E. REACTION WITH CYCLIC AND HETEROCYCLIC COMPOUNDS 

Carbynes undergo electrophilic cycloadditions with 
alkynes, alkenes and unSaturated cyclic compounds. Kinetic 
studies on the reactions of carbynes with alkenes and 
alkynes have suggested that the behaviour of ?II carbynes 
parallels that of ‘A, carbenes, therefore CCl was also 
expected to undergo cycloadditions with unsaturated cyclic 
compounds. 

No meaSurable reaction was detected with cyclohexane 
and cyclopentane; this is compatible with earlier 
observations that CCl 1S non-reactive towards primary or 
secondary C-H bonds, and strongly suggests that the rate 
constants measured for the unsaturated compounds are due to 


cycloadditions of CCl to C=C bonds. 
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A comparison of the rate constant values for cyclo- 
Hexenes (ipa aaatet O02) bONtOeMMDGYs- “)randiethylene’ “(k PS 
Waicsete0s4)oe UOSIMrens: ')iecreported by Tyerman’, ** “indicates 
that the presence of four methylene groups greatly enhances 
the electron density of the double bond, and results in an 
increased reactivity of an order of magnitude. The rate 
constant measured for 1,4-cyclohexadiene, (3.7 + 0.2) x 10° 
M~' s~', 1s almost comparable with that for cyclohexene.It 
is quite surprising to measure an even slower reaction with 
Waseeyclohexadiene eGkyect (1 i4e4810512 ). x8 10% MU sro)>M because 
this compound is generally more reactive than 1,4-cyclohexa- 
diene towards an electrophile. This discrepancy can _ be 
ascribed to the lower electron density of the double bonds 
in 1,3-cyclohexadiene due to conjugation and subsequent 
delocalization, thus retarding the initial rate of electro- 
philic attack; the enhanced reactivity of 1,3-cyclohexadiene 
with respect to electrophilic substitution can be rationa- 
lized in terms of the stability of the ionized intermediate, 


for which resonance structures can be written: 


+ + 
C3 Sarr 0 
Z Z 


For the cycloaddition reaction with carbynes, however, no 
such stabilizing structures can be envisioned for the cyclo- 


propyl radical intermediate. 
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The ionization potentials of cyclohexene, 1,3- and 
1,4-cyclohexadiene, and benzene have been determined by many 
workers uSing different techniques'?°»'*° and the corre- 
lation between reactivity and ionization potential of the 
Substrates, found in previous studies on alkenes, alkynes 
and silanes, waS not observed for these four substrates. 
Moreover, the data for all of these compounds deviate 
Significantly from the linear graph of the log k, versus 
ionization potential plot for the alkenes, studied by 
Tyerman; this was expected because they do not belong to the 
Same homologous series of alkenes. 

The relatively high ionization potential of benzene, 
ere 4 ON 8 4.2 compared oO. meNe example, cyclohexene, 
8.72 eV,'?° is indicative of extra stability of the benzene 
ring due to resonance effects. Thus the slow. reaction 
observed with benzene (k, = (6.7 + 0.5) x 10? M-* San.) can 
be ascribed to the low availability of the w electrons due 
to a high degree of delocalization. In fact, this slower 
rate with benzene is compatible with the slow rate measured 
Porethesreactyon Of Chr withebenzene. (k, = (2.2 +. 0.02) G01 
Mopeeso ) eS andewaSsal SO.obsenved in a recent. .studvaeot CH 
reactions by Lin and coworkers.’°® In the reaction with 
benzene, both CH insertion into C-H bonds and cycloaddition 
to the C=C bonds were expected to occur; however, despite 
the fact that the statistical factor for the attack on 7 
bonds is six times larger in benzene than in acetylene, and 


the strength of the C-H bonds in both molecules are 
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comparable (~ 112 kcal mole~'),’° the rate constant measured 
for the reaction of CH with benzene (k, = (4.8 + 1.9) x 10'°? 
M-' s~') turned out to be two to three times slower’ than 
Wittne acetylene (kaa = (183 + 04 2)856 10'* MiMersrer)x 

The electrophilic substitution reactions of benzene and 
Substituted benzenes'*' have been well studied for many 
years. However, Similar kinetic studies on the rate of 
cycloadditions of carbenes and carbynes with benzene and 
substituted benzenes (except for CHyss GBrse and 
CCO,Et*? + benzene systems) have not yet been reported in 
the literature. For electrophilic substitution, the  reac- 
tivity of the substituted benzene was found to depend on the 
inductive effect of the substituent group: alkyl groups are 
known to activate, and halide groups deactivate, the benzene 
ring. 

In addition to altering the electron density in the 
ring by a combination of inductive and mesomeric effects, a 
substituent group can also induce polarization of the ring 7 
system with the effect of reducing the aromaticity, due to 7 
electrons being localized at certain parts of the ring. 
Diingra et al.'‘°* proposed that the dilution shifts of 
aromatic protons in non-polar, isotropic solvents such as 
carbon tetrachloride are directly proportional to aroma- 
ticity, and estimated the aromaticities of some monosubsti- 
tuted benzenes from proton resonance data as: benzene and 
toluene, aromaticity, A = 100%; fluorobenzene, A = 89%; 


chlorobenzene, A = 98%. 
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However, the order of reactivity observed here for’ the 
reactions of CCl with substituted benzenes does not exactly 
follow the trend established for electrophilic substitution 
reactions, which is, toluene > benzene > chloro- 
benzene > fluorobenzene in decreaSing order of reactivity. 
Instead, the methyl group and, to a lesser extent, the 
chlorine atom, were found to activate the ring, while ‘the 
effect on reactivity due to the fluorine substituent is 
negligible compared to benzene. 

Kennepohl *? studied Ehewereacc1Onmrot meCCOlRt sawitnh 
benzene, and suggested that the cycloheptatriene radical is 
the reactive intermediate, on the basis of the detection of 
its dimers. The cycloheptatriene radical intermediate 
Supposedly arises from the cycloaddition of CCO,Et with 


benzene followed by ring expansion: 


Sin Oz ene 


Xx 


dimerization 


where X = CO,Et. CCl should react in a similar manner. Hence 
the basic difference between electrophilic substitution and 
cycloaddition reactions with the benzene ring is_ that 
electrophilic substitution involves the carbonium ion 


intermediate, 
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HE E 
. 
Or O- O-» 
G G G 


which can be affected by a substituent group, G, already 
attached to the ring: electron-releasing substituents such 
as CH; stabilize the carbonium ion, leading to aée faster 
reaction than benzene; on the other hand, electron with- 
drawing substituents such as Cl, F intensify the positive 
charge of the intermediate, destabilizing it, thus causing a 
Slower reaction. However, since the ring structure is 
eventually retained, the reactivity of the benzene ring may 
be less dependent on its aromaticity than in a cycloaddition 
reaction, which forms cycloaddition products that would 
destroy the benzene ring system. Although the nature of the 
rate — determining step in electrophilic substitution 
reactions may vary according to the reactants and the 
experimental conditions employed, of crucial importance is 
the fact that the carbonium ion intermediate can be 
Stabilized by resonance, which does not exist in cyclopropyl 
radical intermediates. Therefore, in cycloaddition reactions 
with benzene rings, the aromaticity of the ring may be of 
comparable significance to the electron-releasing or 
withdrawing effects of the substituent in determining the 
reactivity. 

In toluene, the positive inductive effect of the methyl 


group should be mainly responsible for the observed 


i 


SSE87T NOsas fu Lov> 
yam pais adi ie ysisitemocs of2 ,epniz enexnsd § age 


nteselay-ncitzeis 


- ) =) 7 


- : . : 
| 4 “ ’ «i 7 
: ‘ : J 


stis ed ns> H3itw 


jzdue 4 vd Der: 
‘fpsgnele :90f1 ahF Ga Est5ei3e 


~ 


sis exilidate <KD & 


iotis> 


“a 
‘ned neds oorissse 


ons RY > 
q7 19 #6 2 etnsustzague onivelsa 


-defsed ,334ibemtsial saz 36 sp 18d 

mon sygvoK .noigo~as7 
f $3 9fi3 2nie37s2 vil 

=~ ‘ - 

i cents ed% 80 Inebneqeh 2asi ae 

: Bh) 

emtot doaidw ,nhersoee 
“f , * 7 © 
. .meteve enti: snarasd eft yorteam 


,os f eat 2nd] 


of i Roc 36> 983 tsi? soa af 
2905 SOthe ,.Yet SAGI97 ye bezilid 32 


7 


cnintmisis’b — sae 
aw 


eps be) 1 inv ¥ a7 enorios ‘2 


fejoem) 19qKe 


2202) ~ 


_asjeibstizazal fas TF 


.s4oistent 
c= 3 


7 
sl -) & ré mre 


* 


edz 


6d sonsoiiinapie 
- eels 


7 9 
: ~ ‘ 7 

‘ee | we eae r 
« - _ 1s aie 2 


21 


Geactrvi tye (hye Gao 10.2) xX 10° M9! s-") being five “times 
Phateeo pm pen zenemmtnneee= (6.7) +1005) (xX 10" M- "> so) Parti-~ 
cularly interesting is the activation of the ring by Cl in 
eh oOLrobensencmrCk meer h/t) Or.) ex 10% @ Ma's So%)) Since the 
aromaticity is not considerably lower than that of benzene 
(aromaticity: 98% of benzene, from proton resonance data, 
93% of benzene, from resonance energy data);'** yet it 
appears that the electron-releasing mesomeric effect of Cl, 
aided by a slightly lower degree of delocalization of the 
electrons, has more than overcome the electron-withdrawing 
inductive effect of Cl, resulting in a twofold increase in 
reactivity over that of benzene towards CCl. With fluoro- 
benzene, the mesomeric effect should be minimal due to the 
high electronegativity of F, and in this case it seems that 
the negative inductive effect is neutralized by the effect 
of a lower aromaticity, and as a result the observed reac- 
tery etyerky =9 (6.1) + 0.9)" X 107 °M" Ss ') 1s about the#same as 
that of benzene, within experimental error. 

The electrophilic nature of the cycloaddition reactions 
with benzene and the substituted benzenes is again reflected 
in the correlation between log k, and the ionization 
potential'®* of the substrates (Figure I1V.4). However, the 
Tack’ of sufficient’ data makes #1 ye dinticultes tom conclude 
whether there may be slight curvature in the plot. 

The results of the study by kKennepohl lend further 
Support to the prediction that carbynes and carbenes behave 


in an analogouS manner, since CHCO,Et also reacts with 
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benzene to form a norcaradiene ester which subsequently 
undergoes ring expansion by the Cope rearrangement to _ give 


the cycloheptatriene ester: 


H H 
O} + CHCO,Et ———> OE a 
CO,Et CO,Et 


For the carbenes, the expected reduction in reactivity in 
going from methylene to chlorocarbenes is reflected in the 
products obtained in their reactions with benzene: CH, 
reacts by insertion into C-H bond to give toluene and by 
addition to the aromatic ring, followed by ring expansion, 
to give cycloheptatriene;'** CHCl gives only the product of 
mingeexpansion* -* and CCl, does not react.'°° 

The insertion reactions of carbenes are not confined 
eve t OgC—leS 1 Un OrsNeHeboOnds mel nSent on into, C—O. C-N, .or 
C-S bonds have also been reported,'’* and the mechanisms 
probably involve initial electrophilic attack on the hetero- 
atoms to form unstable ylides. 

The measurable, and in some cases high, rate constants 
obtained with the Saturated heterocyclic compounds 
Ehivacyclohexane “(kis =) "06.3 —2..028 0 Xe OSM ca perretras 
hydrothiophene: (ki=s..67.6 £91. 1) ExXe1L0°F Mov coat )> “nyrrolidine 
Cheeta exe 0.2 MoU is=@) and tetrahydrofuran (k, = 
(6.6 + 1.4) x 10’ M~' s~') constitute clear evidence for the 
occurrence of interactions between CCl and the heteroatoms, 


although the rate constant for reaction with NH, (4.5 x 10° 
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MoS ok eo eo exer © Ms esa) Rsdqgestsh that ®yreaction 
with the N-H bond could contribute to the overall reaction 
observed with pyrrolidine. A comparison of the data for 
thiacyclohexane and tetrahydrothiophene, which have statis- 
tically six and five C-H bonds respectively, shows that they 
are equally reactive within experimental error, thus 
implying that insertion into the ring C-H bonds is compara- 
tively insignificant and that reactions are restricted to 
the heteroatoms. Besides, the introduction of a heteroatom 
into the ring does not appear to alter the C-H bond strength 
to a great extent: the C-H bond energy of cyclopentane, 
which 1S.) Non—-reactive towards CGl, is « 95 kcal mole-*, ‘2 
while the a C-H bond energy of tetrahydrofuran is ~ 92 kcal 
MG PCat aos 

AUmcinNoeDOinte taiscmeracheredayrticult. =tO.. pinpoint. «the 
Mature of the interactions of CCl with the heteroatoms. By 
analogy with the behaviour of the carbenes, CCl may undergo 
electrophilic attack on the heteroatom to form ylides, which 
may be either stable as in the case of sulphur ylides, or 
undergo ring expansion as in nitrogen or oxygen ylides, 


resulting in apparent C-N or C-O bond insertion products: 
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where R denotes a reactive radical present in the system. 
The introduction of two double bonds into the hetero- 
cyclic ring, as in the case of thiophene, pyrrole and furan, 
would satisfy the (4n + 2) rule and render the heterocyclic 
compound aromatic. The aromaticity should be affected by the 
electronegativity of the heteroatom, which determines’ the 
degree the lone pair of electrons from the heteroatom is 


delocalized into the mw system: 


(\ Paes e pone Cy 
Z Z Z 


YA T a — 
3) +/ 


Z 


where Z = S, N,or 0. 

However, some controversy existS in assessing the 
aromaticity of the above compounds. The consensus is 
benzene > thiophene > pyrrole > furan, although some results 
based on resonance energy or ring current data reverse the 
order of thiophene and pyrrole. The % aromaticity based on 
resonance energy data from Wheland'®* was compiled by 
Kanekar et al.'°®* as: . benzene, aromaticity,, «A...=..1002; 
thiophene, A = 78%; pyrrole, A = 63%; furan, A = 44%. The 
above order correlates well with the order of 


electronegativity of the heteroatoms, which is, §S < N <0, 
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Since the 7a electrons would be more localized on the more 
electronegative atom such as oxygen, thus reducing the 
degree of delocalization or the aromaticity of the ring. 
Thiophenem cK ymemeC Sletten 0.2) Xa10°9M>' -s=') is “somewhat 
less reactive than tetrahydrothiophene (k, = (7.6 + 1.1) x 
10° M~' s~') towards CCl. This may be due to the lone pair 
of electrons from sulphur in thiophene being delocalized 
into the ring. Consequently, the rate of attack at the 
Sulphur atom would decrease and this may not be compensated 
enough by the presence of the two double bonds in thiophene, 
due to a high degree of delocalization of electrons in the 7 
System. On the other hand, the higher reactivity of furan 
Ck = "(623° 2 OFS) EX 10%=Me! is>') comparedmto tetrahydrofuran 


(k, 


GGn6 etl Cex ea OMe asa) unayebey attributed “to the 
presence of the two extra double bonds and a much lower 
degree of delocalization of the w electrons. Unfortunately, 
it is impossible to compare the reactivities of pyrrole and 
pyrrolidine due to difficulties encountered during the study 
of the pyrrolidine reaction, as mentioned in Chapter III. 
Thiophene and furan yield cyclopropyl 2,3-adducts upon 
Feact iOneewiththearbenes. MoG%sAlthoughiwithapyrroles{ #2 ondy 
Substitution products (which are sometimes accompanied by 
ring-expansion products) can be obtained, the formation of 
cyclopropane was nevertheless proposed as an intermediate 


step: 
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where CX, iS a general formula for carbenes. By analogy, 
carbynes should react in the same manner. Thus, Kennepohl*? 
studied the reaction of CCO,Et with pyrrole, and the major 
product, 3-substituted pyridine, was rationalized in terms 
of a cyclopropyl radical intermediate formed via cyclo- 


addition: 


pecOlEt 
Cae CGOSE Uw a ——_—»> ( \—co,8t 
N N Na 

| | | 

H H H 


The above result is in agreement with the observation 
that the =m bond orders of the 2,3 or 4,5 bonds are higher 
than those of the other bonds in thiophene, pyrrole and 
furan.'‘*t' Although carbene reactions with the heteroatoms in 
thiophene, pyrrole and furan have not been observed, such a 
reaction probably occurs with the more electrophilic 
carbynes. Thus Kennepohl has suggested that reaction of 
CCO,Et with the nitrogen atom is the most probable route for 


the production of pyridine-2-carboxylate, a minor product 
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from the reaction of CCO,Et with pyrrole. Although he did 
not speculate further on the mechanistic mature of the 
reaction, it probably involves the formation of ylide-type 
radical intermediates. Moreover, the rate constants obtained 
for the reactions’ of EC1 with ammonia (4.5 x 10° 
Mates eek <6 oh Sexe OVE Mets B*) Pande pyrrolidine: ® (ky, >v'48 
x 10° M~' s~') also suggest that insertion into the N-H bond 
may contribute to the overall rate constant measured with 
pyrrole. 

The order of reactivity observed here, thiophene > 
pyrrole > furan, is different from the one already 
established for electrophilic substitutions, pyrrole > furan 
2 Chaopneners\ ese **emAlthough @ thee initial step: GneWiboth 
reactions involves the breaking-up of the aromatic ring, the 
ionic intermediate in electrophilic substitution can be 
Stabilized by resonance, which does not occur in cyclo- 


addition: 


f = H = H es S| 
( YS ee ae 9s: a “(KB Yes ( KE 
Z Z Z Z 


and this partly explains the difference in the reactivities. 
Also, the former reactions were studied mainly in _ solution 
rather than in the gas phase, and solvation can stabilize 
the ionic intermediates or transition states. 

Furthermore, interactions of CCl with the heteroatoms 


must also contribute tom ‘the difference in the order of 
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reactivity as compared to electrophilic substitution. Linda 
et al.'‘*? found a correlation, not observed here, in that 
higher reactivity towards electrophilic substitution corres- 
ponds to a lower ionization potential of the five-membered 
heteroaromatic compounds, similar to the relationships 
established previously for the reaction of CCl with alkynes 
and silanes. However, these correlations are valid only if 
the electrons are removed from the 7 system, and hence if 
the reaction sites involve both the 7 electrons and the 
heteroatoms, the lack of correlation between log k, and 
ionization potential of the substrates in the CCl reactions 
is not entirely unexpected. 

The positive inductive effect of the methyl group is 
evident from the increased reactivity of i-methylpyrrole (k, 
= (42 9ete055) 1x 10° alMelresi®) psecompared btorypyrrolen(k paz 
(So ieteOns exer M **S- 1). This also points’ to the electro- 
philic nature of CCl and suggests that insertion into the 
N-H bond is relatively insignificant. 

Furthermore, the increase in reactivity of two orders 
of magnitudeswith pyridine (kme=«(2.8 t2023)5%240asMab subhe 
comparedsetoibenzené?)(k, r=1.G6.7et69025) xpi0iaMabis” 4), Bcanpbe 
attributed to a lower degree of delocalization of 7 
electrons in pyridine, the aromaticity of which was 
estimated to be ~ 60% of that of benzene;'** the possibility 
of interaction with the nitrogen atom, however, should not 


be excluded. 
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Finally it may be of interest to point out that during 
the investigation of the reaction of CCl with pyridine, the 
absorption spectrum of pyridine was clearly discernible 
before photolysis, became extremely weak immediately after 
the photolysis flash and apparently recovered in intensity 
when the spectrum was again taken two minutes later. 

The above observation may be indicative of pyridine 
being vibrationally or electronically excited during flash 
photolysis, and therefore the rate constant measured is that 
for the reaction of CCl with an excited pyridine molecule. 
However, 

Ser nemSDeCe LUM OL nace COLL pyridine + 6. 1.) torr  cyclo-— 
hexane, in 50 torr helium, was still barely discernible 
BGORUSmatter the =pnotolysisetlash; indicating: that no 
vibrational or electronic relaxation by cyclohexane has 
taken place. 

— the rate constant measured with 0.3 torr CHCIBr, + 0.09 
COLEEDYLAIGINCeI NOU RCODGM ne lium, ok, 914.9 X 310°" M7 
s~', if somewhat smaller than that with 0.3 torr 
CHCIBr, +7021 torr pyridine + 0.5) torr cyclohexane (used 
to collisionally relax excited pyridine) in 50 torr 
helium,” “okq 2) 202 Xo 0 Moe Se However, ne is 
actually difficult to ascertain whether this difference 
is Significant, given “the error, limitations of the 


experiment. 
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These results show that: 

— either cyclohexane is not an effective quencher of the 
excited pyridine, or the quantity used was insufficient. 
In any case, it appears that a fairly long lived meta- 
Stable state of pyridine must have been formed. 

— if there was indeed some relaxation by cyclohexane 
leading to the increased rate of reaction observed, the 
conclusion would be that the ground state pyridine is 
more reactive. However, further investigations on this 


Subject would be highly desirable. 
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V. CONCLUSIONS 

Second order rate constant meaSurements have been carried 
out for the reactions of CC1l(X?I) with hydrogen, ammonia, 
methylchloride, propane, isobutane, and representative 
series of alkynes, silanes, cyclic and heterocyclic com- 
pounds. 

CCl was produced from CHC1Br, mainly via the secondary 
unimolecular decomposition of vibrationally excited CHC1Br 


radicals formed in the primary process: 


CHC1Br, + hv (A > 200 nm) ———~> CHCI1Brf + Br 


CHC1Brt ——~» CCl + HBr 


aera Asal eed gle 


The simultaneous production of CBr is regarded to be insig- 
Werteait,. SInce wits ese absorption. line at. ~ 30Ttf> “nm “was 
extremely weak although still somewhat discernible. However, 
the very low yield of CCl under conventional photolysis 
conditions makes direct mechanistic kinetic investigation 
impossible. As a result, rate constants for the reactions of 
CCl with a variety of substrates were measured employing 
flash photolysis - absorption spectroscopic techniques, by 
monitoring ~the CCl “absorption Wlineé ac 277.7 nm which hes 
been assigned to the (Q, 0,0) band of the A?A+ X?II system. 
The nature of the reactions of CCl with the various 


substrates examined was deduced on the basis of: 
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— the prediction that CH(?II) should display chemical pro- 
perties analogous to those of CH,('A,); 

— the known chemistry of CH and CCO,Et; 

=sabiinitiotstudies on the CH + C,H, and CH + C,H, reac- 
tion paths; 

— and comparison of the rate constant data among analogous 


substrates. 


The rate constant values measured for the reactions of 
CH, CCl and CBr with various substrates indicate that CH is 
the most reactive carbyne, reacting indiscriminately at 
rates close to collision frequencies. On the other hand, 
CCl, being less electrophilic, behaves like CBr and is less 
reactive and, consequently, more selective. 

Unlike CH which inserts rapidly into H, with ae rate 
BonslantiwoOt een O 8 Morse CCl Goes not react with H,, but, 
like CH, it appears to undergo insertion into the N-H_ bonds 
of NH,. CH displays little selectivity in its reactions with 
alkanes, while CCl does not react with propane, cyclopentane 
or cyclohexane, and thus is inert with respect to insertion 
into primary and secondary C-H bonds; however, a slow but 
measurable reaction with jisobutane (k, = (4.5 + 0.4) x 10° 
M-' s°~') was observed, pointing to insertion into the 
tertiary C-H bond of isobutane. 

The chemically similar species CH,('A,) and CH(X?II) have 


been shown to undergo concerted insertion with C-H bonds, 
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CCl is expected to behave likewise. The existance of a pola- 
rized transition state may explain the higher reactivity of 
tertiary C-H bonds due to the formation of a Stable tertiary 


carbonium ion: 


€Cl§= —C-H ———= C= H ~—> -C i 


No measurable reaction was detected for the CCl + CH;Cl 
System; however, the upper limit estimated for the reaction 
indicates that a slow insertion into the C-Cl bond may still 
be possible. 

The rate constants for the reactions of CCl with acety- 
lene, acetylene- d.2, propyne, i-butyne, 2-butyne, i-pentyne, 
2-pentyne, 3,3-dimethyl-1-butyne, 27 2poyoatetramethyl=3— 
hexyne, vand phenylacetylene range from 10’ to_10'°® M'‘* s7"*. 
As with the CCl + alkene reactions, higher reactivity 
corresponds to increaSing alkyl substitutions at the C=C 
bonds, reflecting the electrophilic nature of the reactions. 
The mechanism.of the reactions with alkynes is postulated to 
be similar to that with the alkenes, in that CCl undergoes 
asymmetric, concerted cycloadditions with the unsaturated 
bonds to form cyclopropenyl radical intermediates. In 
general, alkynes are less reactive than alkenes, and this 
may be ascribed to higher activation energies for the alkyne 


reactions, because the carbocation formed from the alkynes 
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is less stable than that formed from the alkenes, due to its 
inability to achieve the sp? hybrid orbital configuration 


believed to be the most stable configuration for a carbo- 


cation: 
‘i 
= Cie C= CS, ee CO CC 
S Py Z N na 
C C C 
Gy eal Gr 


The electrophilic nature of the cycloaddition is further 
reflected in the linear correlation between log k, and 
ionization potential of the substrates. Negative deviations 
from the linear relationship in the cases of 3,3-dimethyl- 
i-butyne and 2,2,5,5-tetramethyl-3-hexyne indicate that 
Steric hindrance plays a role here. 

The reactions of CCl with monosilanes are confined to 
MUIGe SL TOUNTInEOL the: 8 Si-hre ponds, Since. Si-F. Si-Cl] ‘and Si-C 
bonds were shown to be non-reactive. The electrophilic 
Nature of the insertion reactions is once again revealed in 
the increase in reactivity observed with increasing alkyl or 
decreasing chloro substitution at the silicon atom, and also 
in the linear relationship found between log k, and ioniza- 
tion potential of the substrates. The reactivity of the Si-H 
bond is in the order tertiary > secondary > primary, with 
the tertiary Si-H bond being 600 times more reactive than 


the tertiary C-H bond. 


226 


A primary isotope effect was also observed, which 
ranges from 1.0 with the tertiary Si-H bond, and increases, 
as the reactivity of the Si-H bond decreases, to a factor of 
~ 2 for monosilane. 

The reactivity can also be correlated with other bond 
parameters such as dissociation energy, stretching frequency 
and hydridic character of the Si-H bond. The observation 
that higher reactivity corresponds to higher hydridic 
character of the Si-H bond led to the formulation of a 
transition state which involves electrophilic attack bv CCl 
on the hydrogen, resulting in a hydride ion transfer with 


more or less simultaneous back donation of the lone pair of 


electrons from the carbon to the silicon atom, 
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while the empty d orbitals on the silicon may also help in 
the formation of the cyclopropyl radical intermediate. The 
ability of silicon to be pentavalent could play a role in 
the very rapid Si-H bond insertion reactions compared to the 
slower insertion into C-H bond. Results with the disilanes 
indicate that CCl also reacts with the Si-Si bond, the 
reaction is also electrophilic but relatively insignificant 


compared to Si-H bond insertion. 
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It is postulated that CCl reacts with cyclic and 
heterocyclic compounds mainly via cycloaddition to the Cs5=C 
bonds to form cyclopropyl radical intermediates, which may 
further undergo ring expansion to form e.g., the cyclohepta- 


triene radical in the case with benzene: 


Ova — Cea Oda 


The orders of reactivity observed with benzene and substi- 
tuted benzenes, toluene > chlorobenzene > benzene = fluoro- 
benzene, and with the heteroaromatic compounds, 
thiophene > pyrrole > furan, do not exactly follow the trend 
established for electrophilic substitution reactions; this 
is not unexpected since the primary adducts and the _ rate 
determining steps are quite different in the two systems. 

Similarly, the correlation observed between reactivity 
and ionization potential of the heteroaromatic compounds for 
electrophilic substitutions was not observed for the cyclo- 
addition reactions here. From this, and also on the basis of 
comparison of the rate data for heterocyclic compounds with 
those of analogous paraffinic and alkenic compounds, it is 
concluded that, in addition to cycloaddition, CCls cans aise 
attack heterdéatoms. 

From the present study it can be concluded that 
CCl(X?7II) does not react with primary and secondary C-H 
bonds, but undergoes slow insertion with tertiary C-H bonds 


and perhaps with the C-Cl bond. It also inserts rapidly into 
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Si-H bonds, but reacts slowly with the Si-Si bond, and is 
relatively non-reactivetowards Si-C, Si-F and S$i-Cl_ bonds. 
CCl also undergoes cycloadditions with C=C and C=C bonds, 
and in the case of heterocyclic compounds, may react with 


the heteroatoms as well. 
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APPENDIX A 

Standard and weighted least square plots of yk" versus [S$] 
have been carried out for each of the following substrates: 
1-butyne, disilane-d,, hexamethyldisilane, benzene, cyclo- 
hexene, 1,4-cyclohexadiene and tetrahydrofuran, using 
unweighted and weighted entries of yk" respectively. 

For the weighted plots, the weight factor = 1/o’, where 
o 1S the root mean square error in the slope, yk", of the 


plot of ln PH versus delay time t. For example, oO = 1.2 


meoecum = LOLsmyk = 10.4 4 le msec °. The results are as 

follows. 

1-butyne: 
RESULTS OF ANALYSIS STANDARD LINEAR WEIGHTED LINEAR 
Be IE SSR Saas Se 9 ae ae oie i a eee OO KK KK KE OK RO OK Ro OK OK ok ok ok ok Ok 
SLOPE = 1.9794 2.2065 
Y-ENTERGERT = 9.3290 7.8742 
ESTIMATE OF RMS ERROR IN SLOPE = One sSilivis 0.28612 
ESipIMATE Ok RMSRERROR TIN ENTRGR 5 )= 0.78475 0.76560 
ROOT MEAN SQUARE DEVIATION = Ves7 14 TOO 
CORRELATION COEFFICIENT = OF 90563 0.92233 

Gistiane—-or: 
RESULTS OF ANALYSIS STANDARD LINEAR WEIGHTED LINEAR 
KOK OK KOK KK OK KK KK KK KK eR KR oR OK OK OK OK KOK OK Ok ae Oo OK ok ok ok oe ok Kok Ok 
SLOPE = 2,8073 1.8964 
Y-=INTERCEP = 5. 9520 6.7418 
ESTIMATE OF RMS ERROR IN SLOPE = OF dO eGOO O.97667E-01 
ESTIMATE OF RMS ERROR IN INTCP = 0.50265 0.25387 
ROOT MEAN SQUARE DEVIATION = its ANCA es} 2.6741 
CORRELATION COEFFICIENT = 0.98152 0.90066 
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hexamethyldisilane: 


RESULTS OF ANALYSIS STANDARD LINEAR WEIGHTED LINEAR 
DKK oo oe ok ok ok oF oo oe ok ok ok ok ae ok eo oe Kok ok ok OK OK ok ok ok ok 2K OK ok OK KK ok ok ok ok ok ok ok ok ok 
SLOPE = 0O.14310E-01 0.15621E-0:1 
Y-INTERCEPT = 9.3716 8.8787 
ESTIMATE OF RMS ERROR IN SLOPE = O.16375E-02 ©0.34519E-03 
ESTIMATE OF RMS ERROR IN INTCP = 0.24927 0.10658 
ROOT MEAN SQUARE DEVIATION = OnG5502. 0.76313 
CORRELATION COEFFICIENT = 0.92441 0.89337 
benzene: 
RESULTS OF ANALYSIS STANDARD LINEAR WEIGHTED LINEAR 
Pe a ee a 2 a ee ae OK KK OK OK OK OK KOK OK KK OK KOK OK OK KOK KOK ROK OK 
SLOPE = O.33620E-01 0.41083E-01 
Y-INTERCEPT = S2A012 7.8843 
ESTIMATE OF RMS ERROR IN SLOPE = 0O.25969E-02 0.87158E-03 
ESTIMATE OF RMS ERROR IN INTCP = ORS t303 ©. 12056 
ROOT MEAN SQUARE DEVIATION = TeZO2s Te o4O2 
CORRELATION COEFFICIENT = OnSSS 27 0.90431 


In those cases where values of yk" were not measured in 


the absence of substrates (yk" = yk' at ([S] 0), the 
effects of including the mean value yk'm = 8.0 + 0.4 msec™', 
obtained from 455 measurements, in both the standard and the 
weighted plots of yk" versus [S] were examined. The results 


obtained for cyclohexene, 1,4-cyclohexadiene and tetrahydro- 


furan are presented as follows. 
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cyclohexene: 
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without yk'm: 


yk" 


( 


RESULTS OF ANALYSIS 


EK see ae ee i ee ee ee ee oe 


SEOPRE 
YSINTERGEPT 


ESTIMATE OF RMS ERROR IN SLOPE 
ESTIMATE OF RMS ERROR IN INTCP 
ROOT MEAN SQUARE DEVIATION 
CORRELATION COEFFICIENT 


= yk'm) = 8 a0' + 


RESULTS OF ANALYSIS 


EK KE OK OK oO ok ob oR Oo OK OK KOK OK 


SLOPE 
Y-INTERCEPT 


ESTIMATE OF RMS ERROR IN SLOPE 
ESTIMATE OF RMS ERROR IN INTCP 
ROOT MEAN SQUARE DEVIATION 
CORRELATION COEFFICIENT 


1,4-cyclohexadiene: 


without yk'm: 


vie 
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RESUETS OF ANALYSIS 


DK OK eK kK KO OK OK KOR OK OK 


SLOPE 
YSIENTERCEPT 


ESTIMATE OF RMS ERROR IN SLOPE 
ESTIMATE OF RMS ERROR IN INTCP 
ROOT MEAN SQUARE DEVIATION 
CORRELATION COEFFICIENT 


Silt) Es 


RESULTS OF ANALYSIS 


SEK KO RO OK KO OK OO OK OK 


= yk'm) = 


SLOPE 
YoINDERGEPT: 


ESTIMATE OF RMS ERROR IN SLOPE 
ESTIMATE OF RMS ERROR IN INTCP 
ROOT MEAN SQUARE DEVIATION 
CORRELATION COEFFICIENT 


0.4 msec 


STANDARD LINEAR 


SEO oe oR OK oo ok ok OK ok ok ok ok 


impos 16 


8.9441 


= OF 10825 
= 0.76728 
= ta redtS 
0.96903 


iT] 


0.4 msec”': 


STANDARD LINEAR 


eR EK oe ok OK OK OK OK OK ok ok OK 


15473 


8.8027 


O. 10020 
0.68767 

i166 
0.97188 


i) tt 


STANDARD LINEAR 


ein orien Seacin ie ie) ec AC See 


U aken7/ ats) 


5.8460 


= OnSn982 =O 
= 0.36411 
= 0.80398 
= 0.98869 
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STANDARD LINEAR 


SEK Eo oR KKK KE KK 
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tt 


6.1889 


O.90465E-01 
0.38816 
0.93748 
0.98416 


WEIGHTED LINEAR 


DKK OK OK KK OK OK OK OK OK OK ok ok ok 


220150 
7.8741 


0.14061 
0.88202 

3.2741 
0.935050 


WEIGHTED LINEAR 


KOK KK KK OK KK Ok KK Ok 


2.0057 
7.9114 
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0.96000 


WEIGHTED LINEAR 
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i) otexsheli| 


6.4380 


OF62192E-O4 

OS257,65 
1.2078 

0.96055 


WEIGHTED LINEAR 
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6.7628 


O.66667E-O1 

0.26683 
1.4096 
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tetrahydrofuran: 


243 


without yk'm: 
RESULTS OF ANALYSIS 


De KK EK ok ok ok ok ok ok KOK OK OK 


SLOPE 
VoINTERGERT 


ESTIMATE OF RMS ERROR IN SLOPE 
ESTIMATE OF RMS ERROR IN INTCP 
ROOT MEAN SQUARE DEVIATION 
CORRELATION COEFFICIENT 


STANDARD LINEAR 


KOK OK Oo eK oR OK OK ok ok ok ok ok 


OnsZ990E-01 


14.133 


On7OT48 E02 
0.94422 

IE 8207 
0.80516 


WEIGHTED LINEAR 


oe Oe ok oe ok ok ok ok ok ok ok ok ok ok 


0.37473E-01 


14.279 


0.55744E-02 

0.73143 
teo724 

OF 83791 


yk" (= yk'm) = 8.0 + 0.4 msec™':; 

RESULTS OF ANALYSIS STANDARD LINEAR WEIGHTED LINEAR 

XE OK OK RK OK OK ok OK OK OK OK OK OOK OK ROK OK OK OK OK OK OK OK OK OR ok Ok 2K OK OK OK OK oe ok ok ok ok ok ok kK ok 

SEOPRE = 0.40638E-01 O.60053E-01 

Y-INTERCEPT = ed Sale! 13502 

ESTIMATE OF RMS ERROR IN SLOPE = ORSTtisoSb{O2 0.61480E-02 

ESTIMATE OF RMS ERROR IN INTCP = iT_OS85 0.77934 

ROOT MEAN SQUARE DEVIATION = De Zora 2.8228 

CORRELATION COEFFICIENT = 0.81070 0.82971 

The above results indicate that the method used in this 
work for the treatment of data is satisfactory, since 
weighting the yk" entries or including the mean value yk'p 


roEeEhesipilots 


[S] = 0 does not in general alter 


Gientssof thebpiots. 


the 


correlation 


where the values of yk" were not measured at 


coeffi- 


¥ 


, 
- 


» 


yniet 
sued 


a/ A > momar 
ry “ ‘ (4s “4 
e eo <4 t ¢ 
P| - - = eee « ‘ _ 
yt s = ~~ % * ~ - rom 
4 - *¥ r; 4 - > Ai 
= é é La al “4 - « t 
oe £ > cy rm c ’ ft 
3 po s “ 7 } A 
r o ° o \ e € 
4 . ‘ } s = 
st an 
c ; : = 
se | = —_ 
/ rf * i 
t _ i 
f ’ 
f t 
_ - ra 
is . S& 
¥ ; > i ‘i 
| 
> : 
| ey 
/ | fe oF 5 
au : 
+ 
: , x 
ia é. « 
t Me * 
; 
_ - 
- t * 
ts - 


APPENDIX B 

The correlation coefficients for the plots of yk" versus [S] 
for all the substrates studied in this work are presented 
here, along with the second order rate constants k, and the 
number of measurements. In all, there are 26 plots with 
correlation coefficients > 0.9, 14 plots with correlation 
coefficients between 0.8 and 0.9, and 3 plots with correla- 
tion coefficients < 0.8. 

The correlation coefficients of the plots for ammonia, 


acetylene-d.,, and dichlorosilane are all < 0.8. For ammonia, 


Renee Xo) Manca eck <3 Sexe {0% M-4) s-4* —§(160 ° measure- 
ments) anGeethnemecorrelatione coefiucient was 0.44." For 
Pseputane a ka = (321 +) 1. 3)"x 10? M7’ ™s- = (152 measurements) 


SnOmme nen ecOorne lati One coeriicienty was 0.50. For dichloro- 
Silane, k, was not determined although the yk" versus [S] 
plot has been made (140 measurements), with a correlation 
coefficient of 0.53. Possible explanations for the poor 
correlations obtained with these compounds have _ been 
discussed in Chapter III. 

For isobutane, the rate constant k, was determined to 
be (4.5 + 0.4) x 10° M™'  s-' (112 measurements) and _ the 
correlation coefficient was, 90.94. BeData eLor athe sotner 


substrates are as follows. 
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